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 As computational power has increased, computational modeling has become a very 
promising tool to model the biomechanics of complex joint systems. Musculoskeletal 
computational models have become more complex when compared to original iterations which 
utilized a number of simplifications. This thesis utilized a three-dimensional computational 
model of the wrist joint structure to investigate scapholunate kinematics. The model accurately 
represented the bony anatomy of the wrist and hand and represented soft tissue structures such as 
ligaments, tendons, and other surrounding tissues. Creation of the model was done using 
xx 
 
commercially available computer-aided design and medical image processing software, and 
utilized the rigid body modeling methodology. It was validated for scapholunate kinematics 
against a cadaver study and then utilized to investigate further measures and surgical procedures. 
The simulations performed by the model demonstrated an accurate anatomical response of wrist 
function. As better understanding of the biomechanics of the wrist joint is achieved, this model 
could prove to be an important tool to further investigate wrist mechanics. 
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Chapter 1: Introduction 
 
 
1.1 Overview of Musculoskeletal Research 
 
 
1.1.1 Overview of the Musculoskeletal System 
  
 The musculoskeletal system is an organ system comprising both the muscular and 
skeletal systems of the human body. This includes not only the bones and muscles, but also the 
cartilage, ligaments, tendons, and fascia; all of which assist the function of the system [1]. As a 
whole, the musculoskeletal system allows for the human body to move and support itself, while 
also offering protection to vital organs [2]. These important functions have caused it to be well 
studied by the medical and scientific communities. Research done concerning the 
musculoskeletal system has uses in human biomechanics, tissue engineering, biomaterials, 
orthopedic device development, prosthetic development, and treatment of musculoskeletal 
diseases [3][4][5][6][7][8].  
 
1.1.2 Approaches to Studying the Biomechanics of the Musculoskeletal System 
 
 There are three main methods by which researchers study the biomechanics of the 
musculoskeletal system. The first of these methods are clinical studies [9][10][11]. Clinical 
studies typically involve a set of patients receiving a treatment, or set of treatments, to correct the 
disease state being studied. Researchers then study the post-operative result to determine what 
was successful about the treatment and what the drawbacks of the treatment were. This method is 
especially advantageous because it allows researchers to measure efficacy of a treatment in a 
physiologic environment. Qualitative measures, such as patient wellbeing and satisfaction after 
surgery, as well as quantitative measures, such as range of motion and joint pressures (using 
TekScan sensors), can be discerned from a clinical study. The major disadvantage, in regards to 
2 
 
 
musculoskeletal clinical studies, is that certain parameters of the biomechanics are impossible to 
measure due to the use of patients. Other notable drawbacks include: difficulty establishing 
controls, varied response between patients, and only being able to note whether a procedure is 
successful with little to no information as to why. 
 The second method through which researchers study the biomechanics of the 
musculoskeletal system is through cadaveric studies [12][13][14]. Cadaveric studies use 
cadaveric specimens to best represent the joint or motion being studied. A disease state is 
normally induced by surgical means and the specimen is then subjected to a number of variables 
to measure any number of biomechanically relevant parameters. To measure these variables: 
measurement hardware, pressure sensitive films, and motion cameras may be used, including 
measurement hardware that would be difficult to use accurately on live patients. These devices 
help to provide accurate results, but in turn may also affect the joint mechanics as many of them 
must be adhered to bone surfaces or be placed between bone articulations. While this method 
allows researchers to examine more parameters than clinical studies, there are still some 
parameters that are difficult or nearly impossible to measure properly. These types of studies can 
also become fairly expensive as the cadavers must be purchased and kept in regulated conditions 
to ensure optimal results. Even if conditions are kept optimal to prevent tissue degradation, it 
may still occur and lead to the tissues in question behaving differently than their live 
counterparts. Issues such as tissues stiffening and those related to the older aged tissues typical of 
most cadavers must be considered when using cadaveric studies to inform clinical outcomes.  
Additionally, factors such as healing which is apparent in live tissue cannot be accounted for in 
cadaveric testing as these processes do not continue after death. If these differences in tissue 
properties between live and dead tissues are not accounted for and noted the results of an 
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experimental study may show reduced accuracy and atypical physiologic behavior of a joint. If 
these factors are well accounted for and effort is taken to reduce their effect on the study results, 
experimental studies can be useful tools for informing clinical practices. 
 The third method to study biomechanics of the musculoskeletal system is through 
computational modeling [15][16][17]. Due to recent advances in computer processing power, 
computational modeling has become a very attractive means to study musculoskeletal 
biomechanics. Using knowledge of the function and anatomy of a given joint structure a 
computational model can be formed. These models can not only accurately depict a joint 
system’s overall function; but they also allow researchers the ability to investigate parameters, 
such as joint contact force, that are difficult to investigate or cannot be investigated in clinical or 
cadaver studies. The major drawback of a computational model is the question of how well the 
model represents the system being studied. In order to validate these models they must be 
compared to a cadaver or clinical study to ensure that their behavior is physiologic and 
representative of how the joint structure behaves in vivo. Additionally, although computational 
power is constantly increasing, certain aspects of a joint structure may not be incorporated into 
the computational model or may be simplified in order to save computational resources. These 
assumptions can lead to decreased accuracy of the model. Once a functional computational 
model has been created they have the ability to investigate normal joint behavior, disease states, 
and surgical repair states. There is also the ability for patient specific models to be created and to 
be used as a tool for surgical planning and to increase patient outcomes. 
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1.2 Computational Modeling 
 
1.2.1 Types of Computational Modeling 
 
 In general there are two types of computational models used to study the musculoskeletal 
system. Each of these types of modeling has benefits depending on what sort of information is 
sought about the joint system. The first is finite element analysis (FEA), and is typically used to 
understand the stresses and strains experienced by a joint system under load [18][19][20]. FEA is 
a mathematical method by which approximate solutions are found for a problem using a set of 
governing differential equations [21]. This mathematical method can be applied to model a 
number of problems, including complex three dimensional joint problems. Unfortunately when 
dealing with complex parametric kinematic models, the FEA method requires extensive 
computational time to reach a solution. The second type of modeling is rigid body modeling 
(RBM), and is typically used to understand the kinematics of a joint system under dynamic loads 
[22][23]. These dynamic loading scenarios are ideal for a RBM as increased model complexity 
does not require large additional amounts of computational power when compared to similar 
model setups done with FEA.  
With each type of modeling providing certain benefits it is important to choose the 
correct type of model to answer the overall research question. While FEA allows for deformation 
of solid bodies, such as bone, issues pertaining to computational time must be considered. For 
the purposes of this thesis a RBM approach was selected as computational power was limited 
and it was determined that for the measures of interest RBM was both appropriate and 
simplification of the bones to rigid solid bodies would not adversely affect the final results. 
Additionally, it has been shown that for many clinically relevant questions RBM is a very robust 
modeling approach that allows for accurate depiction of joint function [32][33]. 
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1.2.2 Rigid Body Modeling (RBM) 
 
  In RBM bodies are represented as solid, inelastic, and incompressible structures. A 
material can be assumed to be solid, inelastic, and incompressible if it has a very high stiffness 
and would need to experience very large stresses to cause an appreciable amount of strain [24]. 
The interaction at the contact interface between solid bodies in a RBM is said to be 
undeformable and impenetrable. There are various software modeling packages that can be used 
to create a RBM, such as: SolidWorks Motion (as used in this thesis), Software for Interactive 
Musculoskeletal Modeling (SIMM) [25], and Virtual Interactive Musculoskeletal System 
(VIMS) [26]. While SIMM and VIMS software packages focus on inverse kinematics and joint 
simplifications, our method using SolidWorks motion is capable of “head-forward” kinematic 
analysis. Overall, the kinematics of a RBM are defined by the contact interfaces of the solid 
bodies, any constraining forces, and the applied boundary conditions. 
 To create a RBM of a joint system using the SolidWorks Motion kinematic software, 
each aspect of that joint system must be defined. In musculoskeletal RBM bones are assumed to 
be solid bodies, and behave as both inelastic and incompressible. Other soft tissue structures of 
the joint; such as ligaments and tendons, are modeled as either spring (ligaments) or force 
(tendons) elements which govern the movement of the bony solid bodies. These spring elements 
can have their function changed to best replicate the physiologic behavior of the tissue. This 
includes having linear/ nonlinear, tension/compression only, or any combination of spring 
element to achieve the desired tissue function.  
 The major strength of RBM is its ability to determine the kinematics of a joint structure 
using a dynamic multi-body model that is adherent to physiologic loads and any external 
perturbations. From this model any number of relevant parameters can be easily looked at in 
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relation to the joint structure in question. While RBM is a strong form of computational 
modeling, it is not without weaknesses. The first major weakness of RBM is how we define the 
input parameters. In order for the model to reflect physiological behavior parameters such as 
tissue stiffness, soft tissue insertions, muscle loading, and other tissue material properties must 
be accurately represented. This poses a problem as not all of these parameters are well studied 
and defined in the literature, and for many parameters values must be set based on similar tissues 
and structures. Another major weakness is how the spring elements representing the soft tissue 
are defined. Many of these spring elements can be defined using only a few mechanical 
properties, and in many cases can be defined just using stiffness of the represented ligament. The 
issue arises when trying to determine what these mechanical values are, as there is very little 
consensus in the literature on what the mechanical properties of a certain ligament actually are. 
In other cases there may be no information in the literature about a ligament’s mechanical 
properties, and properties must be extrapolated by looking at similar ligaments that have been 
studied. 
 An additional problem with RBM is how to accurately describe the line of action of the 
soft tissue elements. Traditionally ligament and muscle forces are represented as straight line 
force vector from the anatomic points of origin and insertion. This presents problems when 
trying to replicate soft tissue structures which have a wrapping or changing line of action. As the 
bones move throughout the joint’s motion the initial line of action of a soft tissue structure may 
change. As the bones in the model move the force vectors representative of the soft tissue 
structures may begin to pass through the solid bodies, creating a non-physiologic line of action 
and moment arm around a joint. Not only will the line of action be incorrect, but physiologically 
a ligament that wraps around a bone will provide stability through that wrapping and not just its 
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tensile force. To attempt to mimic correct lines of actions additional measures must be taken 
within the model. There are two ways this problem can be addressed; the first is through the use 
of specialized algorithms that can accurately depict the wrapping of a soft tissue structure [27]. 
While fairly accurate in depicting the true line of action of a muscle force, this method is also 
computationally intensive. The second method typically involves the addition of solid body 
elements to maintain or redirect the line of action of a wrapping soft tissue element, or the 
implementation of 3D points to maintain proper line of action for very long soft tissues. 
Unfortunately these implements are not always effective in achieving physiologic results as 
portions of the the soft tissue are represented as being solid and rigid as opposed to their true in 
vivo nature. Additionally, while not as computationally intensive as algorithmic methods, this 
method can also increase the computational time of the model.  
 Many existing RBMs also attempt to make assumptions or simplifications about the 
function of a particular joint. In these cases the joints themselves are simplified to simple 
mechanical joints. For example the elbow and knee joints have been simplified as hinge joints 
[28][29]. Unfortunately these assumptions do not accurately represent true anatomic motion of 
the joints and in turn leads to any measurements taken at the bony interface where the 
assumption has occurred being subject. In order for RBMs to be effective means for predicting 
musculoskeletal mechanics minimal assumptions should be made as they limit the overall 
degrees of freedom of the joint. Instead, as much as is feasible, the behavior of the model should 
be dictated by the contact surface between the bones, soft tissue constraints, and any external 
perturbations applied to the model. 
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1.2.3 Existing Wrist Rigid Body Models 
 
 Wrist injury is fairly common ailment that can greatly affect a person’s ability to interact 
with everyday objects as the injuries tend to greatly decrease the function of the hand. By 
creating a computational model to study the wrist and how various injury or disease states affect 
its function, better treatments could be developed and in turn better patient outcomes achieved. 
Unfortunately, the wrist is a fairly complex structure consisting of many small bones as well as a 
complex system of soft tissue structures. This has made the wrist a fairly difficult structure to 
model through RBM. Still many RBMs of the wrist have been developed, the first of which 
involved various simplifications, and have iteratively become more complex as computing power 
has increased. 
Some of the first RBMs developed of the wrist simplified the structure into two dimensions 
(2D). Schuind et al [30] developed a 2D model of the wrist along the posteroanterior (PA) plane. 
In this model bone were represented as 2D rigid bodies, their geometry was dictated by patient 
PA radiographs. Cartilage and ligaments were represented using compressive and tensile springs, 
respectively, whose stiffness’s were determined by the material properties of the respective 
biological tissue. Manal et al [31] developed a similar 2D model to study the juvenile wrist and 
the effect of juvenile idiopathic arthritis on force transmission. Again, bones, cartilage, and 
ligaments were defined similar to the Schuind et al study, although some of the specific tissue 
material properties did vary. The obvious limitation of these studies is that they do not represent 
true three dimensional (3D) anatomy and therefore cannot accurately depict the true contact 
force between bones. This lack of a third dimension also precludes the models to only allow 
loading in one plane and disallow out of plane wrist movement. 
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The addition of a third dimension, while complicating the models, allows for a RBM to 
better predict wrist motion and biomechanics. Iwasaki et al [32] developed a 3D RBM of the 
wrist to investigate the effects of limited intercarpal fusion on wrist biomechanics in order to 
treat Kienbock's disease. Similar to the previously discussed 2D models, the Iwasaki et al model 
defined bony geometry using CT radiographs. Various different planes were radiographed to 
accurately define the 3D model. Ligaments and cartilage were again modeled using tensile and 
compressive springs, respectively; cartilage elements were then assumed to be uniform over the 
surface area of the joint spaces. Similar to the 2D models, loads were applied along the 
metacarpals and joint contact forces were measured. 
 Fischli et al [33] developed one of the first 3D models to predict wrist carpal kinematics 
through various wrist motions as opposed to just compressive loads applied to the metacarpals as 
seen in previous studies. The wrist was tested in three different motions: extension, ulnar 
deviation, and radial deviation. Similar to the Iwasaki et al model the 3D bony anatomy was 
extruded using CT scans. The cartilage elements between joint contact surfaces were defined 
using a surface contact normal force constraint, and ligaments were defined as tension only 
spring elements. Simplifications were made to the model to fuse the metacarpals to the distal 
carpal row and the pisiform to the triquetrum. While the literature has shown that the third 
metacarpal and capitate do move together, the other metacarpal bones do exhibit movement at 
the carpometacarpal joint. This simplification greatly affects the way the loads of the extensor 
and flexor muscles are applied to the wrist as a whole by disallowing carpometacarpal 
movement. A similar effect will occur by fusing the pisiform to the triquetrum, as the pisiform 
helps to distribute loads from the flexor carpi ulnaris (FCU) to the triquetrum, as well as the 
hamate and fifth metacarpal. The model was loaded in an inverse dynamic fashion where muscle 
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forces were prescribed to meet designated range of motion end points seen in the original 
radiographs for extension, ulnar deviation, and radial deviation. This thereby disabled the model 
from being used as a predictive tool. 
 
1.2.4 Previous Wrist Rigid Body Models in the VCU Orthopaedic Research 
Laboratory 
 
 The VCU Orthopaedic Research Laboratory has produced many RBMs of various joint 
structures in the body including: the shoulder [34], the foot/ankle [35][36][37], the elbow 
[38][39][40] and the wrist [41][42]. All the models consist of rigid bodies representing bony 
anatomy and some soft tissue structures. The kinematics of each model is dictated by tension 
only spring elements representing ligaments, force vectors representing muscle loading, bony 
surface interactions and other external perturbations. No simplifications of the joint anatomy are 
made to allow as close to true physiologic motion. Our lab currently has two wrist RBMs, one by 
Majors & Wayne [41] and one by Wayne & Mir [42]. It is important how these models were 
formulated and their function as the model discussed in this thesis is an extension of their 
previous work. 
 The RBM created by Majors & Wayne [41] did not constrain the model or simplify any 
of its joints. The model was capable of all forms of wrist motion and was not restricted to static 
loading. Following the RBM methodology, all bones were represented as rigid bodies, ligaments 
were represented as tension only spring elements, and muscle forces were represented as force 
vectors. To validate the model it was compared to a cadaver study looking at normal wrist 
kinematics, as well as kinematic behavior after radioscapholunate fusion and excision of the 
scaphoid distal pole and triquetrum [43]. The model showed good agreement with the cadaver 
study. 
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 While no simplifications were implemented, the model still lacked a few important 
features of the wrist. The model created by Wayne & Mir [42] incorporated two soft tissue 
structures that were not present in the Majors & Wayne [41] model. The first was the triangular 
fibrocartilage complex (TFCC) a structure which allows for stability and force transmission 
along the ulnar head. In order to incorporate the physiologic action of this soft tissue structure, 
solid bodies of the proximal and distal TFCC were extruded. The proximal TFCC body was 
fixed to the ulnar head and the distal body was attached using tensile elements. This allowed for 
more even force distribution across the ulnar head and increased stability. The second soft tissue 
structure that was implemented was the retinacular and capsular structures which encompass the 
wrist and stabilize the carpal bones. The proximal portion of this structure was modeled as a set 
of four solid bodies which surround the wrist and have contact with the carpal bones, helping to 
mimic the wrapping effect of the proximal retinacular structure around the wrist. The distal 
flexor retinaculum was modeled using tensile elements to stabilize the distal carpal bones. 
Attachment of these tensile elements was dictated by the anatomy of the distal flexor 
retinaculum, which is well discussed in the literature. Validation of the model was first achieved 
using the same cadaver study as Majors & Wayne [41][43]. Through validation it was shown that 
the behavior of the Wayne & Mir [42] model was closer to that seen in the cadaver study than 
the Majors & Wayne [41] model. The Wayne & Mir [42] model was also validated against two 
proximal row carpectomy (PRC) cadaver studies; one study looked at range of motion and 
another study looked at contact force across the distal radioulnar joint [44][45]. Again good 
agreement was found between the Wayne & Mir [42] computational model and the two cadaver 
studies. 
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 While both models were fairly accurate at depicting wrist motion, with the Wayne & Mir 
[42] model proving to be more accurate through the four wrist motions; extension, flexion, ulnar 
deviation, and radial deviation, neither model looked at how individual carpal bones were 
behaving throughout these motions. Therefore, it is not known how well either model portrayed 
the true physiologic motion of each of the individual carpal bones of the wrist. Carpal bone 
movement is important as excessive motion is typical of a compromised wrist structure. The 
models also failed to address the effect of the digit flexors in their action across the wrist. These 
muscles are commonly used during a fist making motion, and in certain compromised wrists can 
cause a patient pain throughout this motion.  
 
 
 
1.3 Objective 
 
 
The objective of this thesis is to further develop a previous wrist RBM and validate it 
against a cadaver study concerned with scapholunate carpal kinematics. Soft tissue structures 
affecting the scapholunate joint will have their representations within the model altered to ensure 
that they are accurate and representative of their physiological counterparts. In turn we predict 
these changed will increase the effectiveness of the model to predict scapholunate kinematics. 
Additionally the model will be adjusted to allow for testing of the fist motion created due to 
loading of the digit flexors. In creating the fist motion, not only will the wrist structure be 
modeled but also the joints of the fingers. These joints will be idealized as hinge joints to allow 
for accurate action of the digit flexors across the wrist joint while also minimizing computational 
time. The bones of the fingers will be extruded using CT images and the program MIMICS to 
create 3D bodies that accurately represent their true bony anatomy. These solid bodies will then 
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be brought into SolidWorks motion and assembled into the existing wrist model. As before all 
the kinematics of the wrist will be dictated by the bony contacts and ligamentous constraints, 
excluding the idealized joints of the fingers. The motion of the model will be controlled by 
applying appropriate muscle forces and external perturbations, such as gravitational force. The 
rigid solid bodies will be otherwise free to move within these constraints. Once the model has 
been validated against the cadaver model it will also be used to investigate the effect of the four 
corner fusion surgical repair on wrist kinematics, specifically looking at carpal bone kinematics. 
This surgical repair will be compared to the intact wrist state, as well as data for the modified 
Brunelli technique, another surgical technique for scapholunate dissociation. The model is an 
expansion on previous models created by Majors & Wayne [41] and Wayne & Mir [42]. 
Ultimately, the model is being developed to be used as a tool to predict and analyze surgical 
outcomes of treatments for wrist dysfunction. 
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Chapter 2: Wrist Anatomy 
 
The wrist is a complex multi-joint system comprised of 15 different bones and multiple 
bony articular facets. These small bony articular facets allow for the wrist to move through a 
variety of motions. The four major motions of the wrist (Figure 2-1) are flexion and extension, 
which occur along the sagittal plane, and ulnar and radial deviation, which occur along the 
coronal plane [46]. Other wrist motions such as circumduction and “dart thrower’s motion” are 
achieved through a complex combination of these four greater motions and are not seen as 
individual motions themselves. The wrist is also capable of a small amount of supination and 
pronation, but for the most part these motions are facilitated by movement of the forearm [47]. 
Overall the wrist is allowed a very large amount of flexibility through these four main motions, 
which allow for us to perform numerous dexterously complex tasks in our day to day lives. 
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Figure 2-1: The various types of wrist motions around their respective defined axes [48]. 
 
2.1 Skeletal Anatomy 
 
 
 As mentioned previously 15 different bones comprise the entirety of the wrist’s structure. 
These are: the forearm bones; the radius and ulna, the bones of the proximal carpal row; the 
triquetrum, pisiform, scaphoid, and lunate, the bones of the distal carpal row; the hamate, 
capitate, trapezoid and trapezium; and the five metacarpal bones (Figure 2.1-1). Between these 
15 bones there are four major joints of the wrist: the distal radioulnar joint, the radiocarpal joint, 
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the mid-carpal joint, and the carpometacarpal joint (Figure 2.1-2). It is through the bony 
articulations at these 4 joint surfaces that the wrist system achieves its overall range of motion. 
 
Figure 2.1-1: The 15 bones which comprise the wrist joint structure shown radiographically on 
the left and schematically on the right (palmar view of left wrist) [47]. 
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Figure 2.1-2: The joints of the wrist joint structure (dorsal view of right wrist) [49]. 
 
2.1.1 Bones of the Distal Radioulnar Joint 
 
 The two forearm bones are the only bones that make up the distal radioulnar joint; these 
bones are the radius and the ulna. At this joint, the ulnar head articulates with the ulnar notch (or 
sigmoid cavity) of the radius. The articular surface between the radius and ulna allows for the 
radius to rotate and slide around the ulna approximately 180° [50]. This joint motion is primarily 
used to pronate and supinate both the forearm and hand. 
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2.1.2 Bones of the Radiocarpal Joint 
 
 The radiocarpal joint is comprised of the radius as well as 3 bones of the proximal carpal 
row: the triquetrum, scaphoid, and lunate. The pisiform, while a part of the proximal carpal row, 
has no articulations with the radius and only has bony articulations with the triquetrum. Its main 
function is to increase the moment arm of the flexor carpi ulnaris (FCU) tendon [47]. 
 At the radiocarpal joint the scaphoid articulates exclusively with the lateral facet of the 
radius, while the lunate articulates exclusively with the medial facet of the radius [48][49]. Both 
the triquetrum and lunate articulate with the triangular fibrocartilage complex (TFCC), which is a 
soft tissue structure that acts between the ulnar head and these bones creating a smooth surface 
on which to move [47]. Movement at this joint is primarily responsible for a majority of the total 
range of motion experienced by the wrist. This large flexibility increases the loads experienced at 
this joint, which can in turn lead to both soft tissue trauma and bony arthritis, which can greatly 
decrease the overall range of motion of the wrist. 
 
2.1.3 Bones of the Mid-carpal Joint 
 
 The mid-carpal joint is comprised of 3 bones of the proximal carpal row: the triquetrum, 
scaphoid, and lunate; as well as the four bones of the distal carpal row: the hamate, capitate, 
trapezoid, and trapezium. The bones of the distal carpal row are tightly bound by the stiff 
ligaments that connect them. As a result, most of the motion that occurs at this joint is due to 
movement of the bones of the proximal carpal row [47]. This strong association of the bones of 
the distal carpal row allow for loads to be evenly distributed amongst the individual bones. 
Unlike the radiocarpal joint, there is no smooth articulating surface between the bones, but rather 
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several articulating surfaces between the individual bones of the proximal and distal carpal row 
facilitate movement [48]. 
 
 
2.1.4 Bones of the Carpometacarpal Joint 
 
 The carpometacarpal joint is defined by the articulation of the bones of the distal carpal 
row and the five metacarpal bones. Each of the five metacarpal bones is associated with a digit 
and has further distal articulations with the bones of the fingers. Very little motion is experienced 
at these joints due to the extremely stiff ligaments that bind the metacarpals to the distal carpal 
row, but the amount of motion allowed at each carpometacarpal joint increases from the second 
metacarpal to the fifth metacarpal [47]. The exception to this rule is the articulation between the 
metacarpal of the thumb and its articulation with the trapezium [49]. This joint allows for much 
greater motion than the other four carpometacarpal joints and assists in thumb apposition, but is 
in turn much more unstable. Additionally, the third metacarpal and the capitate experience little 
to no motion at their articulation and have been described in the literature as moving as one unit 
[51]. 
 
2.1.5 Bones of the Digits 
 
 The five fingers are comprised of 14 bones in total (Figure 2.1.5-1). These bones are 
called the phalanges and are named based on their proximity to the body. There are five proximal 
phalanges and five distal phalanges, one for each of the five digits. The second through fifth 
digits also include a middle phalange that is not present in the thumb (first digit). Articulation 
with the metacarpals and proximal phalanges forms the metacarpophalangeal joints. These joints 
are considered condyloid joints due to the round head of the metacarpals and relatively concave 
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proximal ends of the proximal phalanges [47]. Joints between the phalanges are named 
interphalangeal joints. These joints are nearly idealized hinge joints and experience little to no 
motion other than flexion and extension [47]. Interphalangeal joints exist both between the 
proximal and middle phalanges (proximal interphalangeal joint), as well as between the middle 
and distal phalanges (distal interphalangeal joint). Both the proximal and distal interphalangeal 
joints are nearly identical, with only minor differences in overall range of motion and 
attachments of ligamentous structures [52]. 
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Figure 2.1.5-1: A radiograph of the bones of the fingers: proximal phalanges (P1), middle 
phalanges (P2), and distal phalange (P3); as well as the joints of the fingers: 
metacarpophalangeal joints (MP), proximal interphalangeal joints (PIP), and distal 
interphalangeal joints (DIP) [47]. 
 
2.2 Soft Tissue Anatomy 
 
 
 The mobility allowed to the wrist is completely dependent upon the aforementioned bony 
articulations as well as the many soft tissue structures which connect and stabilize the many 
bones of the wrist. These soft tissue structures include: various ligaments connecting the bones 
of the wrist, cartilage structures which exist between the bony articulations of the wrist, capsular 
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structures which encompass the wrist as a whole, and constraining effects from the muscles and 
tendons which facilitate movement of the wrist. 
 
2.2.1 Ligamentous Anatomy 
 
 The ligaments of the wrist are numerous in number and are responsible for the fairly 
stable nature of the complex bony anatomy of the wrist structure. Excluding the ligaments of the 
pisiform and the retinacula, nearly all the ligaments of the wrist are considered true intracapsular 
ligaments; meaning that the ligaments themselves are found between the fibrous and synovial 
layers of the joint capsule, referred to as intrinsic [48][49]. The few ligaments that cannot be 
described as intracapsular are defined as intra-articular and exist solely within the synovial lining 
of the wrist joints, referred to as extrinsic [48]. While there is a general consensus on the 
structure and function  of both the ligaments and bones of the wrist, variability does exist and 
leads to documented differences in joint movement among the general population 
[47][53][54][55]. Regardless of variability the ligaments of volar aspect of the wrist structure are 
thicker, stronger, and more numerous than those of the dorsal aspect [47]. 
 According to Taleisnik’s definition, the carpal ligaments of the wrist may be divided into 
two distinct categories: extrinsic ligaments and intrinsic ligaments [56]. Extrinsic ligaments are 
those that connect the bones of the carpal row to bones that are proximal or distal to the carpal 
bones. Intrinsic ligaments are those which interconnect the bones of the carpal row and have no 
attachments outside of the carpus. Intrinsic ligaments are very important to proper wrist function 
and are said to be stronger and more pliable than the extrinsic ligaments of the wrist [47][57]. 
The extrinsic ligaments are said to be weaker but maintain a greater ability to heal from failure 
due to the vascularity of their tissues, whereas the intrinsic ligaments must rely on the synovial 
fluid within their capsule for nutrition [47].  
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Extrinsic Ligaments 
Extrinsic ligaments are those which have an attachment outside the 8 bones of the carpal 
row; namely the ulna, radius, or metacarpal bones. These ligaments can span any number of the 
joints of the wrist and exist both on the dorsal and volar aspects. Additionally, the extrinsic 
ligaments of the volar aspect may be sub-divided into radiocarpal ligaments, which have an 
attachment to the radius, and ulnocarpal ligaments, which have an attachment to the ulna [49]. 
The ligaments on the radio-volar aspect of the wrist include: the radioscaphocapitate 
(RSC), the long radiolunate (LRL), and the short radiolunate (SRL) (Figure 2.2.1-1). The RSC 
originates from the radial styloid and has insertions along the distal pole of the scaphoid as well 
as the capitate. The LRL and SRL originate on the scaphoid and lunate fossae, respectively, of 
the radius. The LRL and SRL then continue distally to insert onto the volar and lateral aspects, 
respectively, of the lunate. Another ligamentous structure, the radioscapholunate, exists in this 
region but studies have shown it to provide little ligamentous support to the wrist. Instead, the 
radioscapholunate acts as a capsular tissue through which blood vessels and nerves pass through 
and is thought to be vestigial in nature [49]. 
On the ulno-volar aspect of the wrist there are 3 distinct ligaments: the ulnocapitate 
ligament (UC), the ulnotriquetral ligament (UT), and the ulnolunate ligament (UL) (Figure 2.2.1-
1). The UC originates from the ulnar fovea passing on to insert on the capitate, and also provides 
some support to the lunotriquetral interosseous ligament. The UT and UL originate from the 
ulnar styloid and insert into the triquetrum and lunate, respectively [49]. 
The dorsal aspect of the wrist only contains one true extrinsic ligament. This ligament is 
known as the dorsal radiocarpal ligament (DRC) or dorsal radiotriquetral ligament (Figure 2.2.1-
2). In the literature it is described as originating from the dorsal margin of the distal radius and 
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inserting into the dorsal tubercle of the triquetrum. Studies have shown that in many people the 
DRC also has insertions at the dorsal ulnar horn of the lunate and various morphologies (Figure 
2.2.1-3) can arise to achieve these origins and insertions [53]. 
 
Figure 2.2.1-1: The volar ligaments of the wrist [49]. 
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Figure 2.2.1-2: The dorsal ligaments of the wrist [49]. 
 
 
Figure 2.2.1-3: Various morphologies of the dorsal radiocarpal (DRC) ligament as reported by 
Viegas et al [53]. 
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 Intrinsic Ligaments 
 Intrinsic ligaments are the most important ligaments of the wrist kinematically as they 
provide ample support to the carpal bones, and in turn, help stabilize the entire wrist complex 
(Figure 2.2.1-4). These ligaments can roughly be broke up into two categories: the interosseous 
ligaments and the ligaments of the mid-carpal joint.  
Interosseous ligaments are those ligaments which connect the carpal bones within each 
row. Each carpal row contains three interosseous ligaments to connect the four bones of that row. 
In the proximal row these are: the pisotriquetral interosseous ligament (PT), the lunotriquetral 
interosseous ligament (LT), and the scapholunate interosseous ligament (SL). In the distal carpal 
row they are: the trapeziotrapezoidal interosseous ligament (TT), the capitotrapezoid 
interosseous ligament (CT), and the capitohamate interosseous ligament (CH). The interosseous 
ligaments of the distal row strongly bind the distal carpal bones together to limit movement and 
stabilize them. 
The SL is considered one of the most important ligaments of the wrist due to the high 
forces experienced by the scaphoid and lunate. A change in scapholunate kinematics can lead to 
a degenerative change in overall wrist function and thus the SL ligament and SL ligament repair 
have been studied extensively. Due to its avascular nature the SL ligament may also be more 
susceptible to degenerative changes [47]. The SL ligament is comprised of three sub-regions: a 
volar aspect, an intermediate aspect, and a dorsal aspect. The dorsal aspect is cited in the 
literature as being the strongest portion of the SL ligament, but studies have shown that the 
palmar aspect also plays an important role in stabilizing the wrist [49][58]. The counterpart to the 
SL ligament is the LT ligament. This ligament also can be divided into a volar and dorsal aspect, 
but, unlike the SL ligament, the LT is cited as being stronger in its volar aspect acting almost as a 
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counterweight to the SL ligament [49]. These two ligaments provide a large amount of stability 
to the wrist by stabilizing the scaphoid and lunate, and when damaged can lead to loss of overall 
wrist function. 
The ligaments of the mid-carpal joint can be divided into those which originate on the 
volar aspect of the wrist, and those which originate on its dorsal aspect. On the volar aspect there 
is the pisohamate ligament (PH), the triquetrohamate ligament (TH), the triquetrocapitate 
ligament (TC), the scaphocapitate ligament (SC), and the scaphotrapiziotrapezoid ligament 
(STT). On the dorsal aspect there is only one ligament of the mid carpal joint: the dorsal 
intercarpal ligament (DIC). This ligament attaches the triquetrum to the trapezium, but like the 
DRC, studies have shown variance among the general population allowing for insertions along 
the scaphoid, capitate, and trapezoid [53].  
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Figure 2.2.1-4: The intrinsic ligaments of the wrist [49]. 
Ligaments of the Digits 
The digits are comprised of four joints (Figure 2.1.5-1): the carpometacarpal joints (CM), 
the metacarpophalangeal joints (MP), and the proximal and distal interphalangeal joints (PIP and 
DIP). At each of these joints there are ligamentous capsules which add stability to the joints and 
allow for movement. At the carpometacarpal joint there are various ligaments tethering the bones 
of the distal carpal row to the metacarpals. Spanning the heads of metacarpals two through five is 
the deep transverse metacarpal ligament. This ligament not only provides stability to the 
metacarpophalangeal joint but also helps to stabilize the bones of the carpometacarpal joints by 
creating a tether between the metacarpal heads [47].  
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The ligamentous structure of the metacarpophalangeal and interphalangeal joints is 
roughly similar. Each joint capsule is comprised of an ulnar and radial collateral ligament, 
sagittal bands, and a volar plate. The collateral ligaments act in tension when the joint is flexed, 
while the volar plate acts to resist hyperextension of the joint. The sagittal bands of these joints 
primarily act to tether the tendons of the digit flexors and extensors, but also further encapsulate 
the joint and provide further stability [47]. 
 
Figure 2.2.1-5: Soft tissue structures of the metacarpophalangeal joint [47]. 
 
2.2.2 Triangular Fibrocartilage Complex  
 
 The triangular fibrocartilage complex (TFCC) is a soft tissue structure which is composed 
of various sub-structures (Figure 2.2.1-6). These are: the radioulnar ligaments, extensor carpi 
ulnaris (ECU) tendon sheath, the triangular fibrocartilage (TFC) disk, and the ulnocarpal 
ligaments [49]. Together the radioulnar ligaments, the TFC disk, and portions of the ulnar 
collateral ligament form a smooth articulating surface over the ulnar head [59]. This surface can 
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be seen as an extension of the facets of the radius and articulates with the bones of the proximal 
carpal row. This soft tissue articular disk also allows for a more even distribution of compressive 
loads to the forearm. During compressive loads the TFCC supports about 20% while the 
radiocarpal articulating facet supports 80% [60]. 
 The TFCC also has soft tissue connections with the ECU tendon sheath. Here the TFCC 
acts as a pulley to the ECU tendon. The literature describes that, without proper function of the 
TFCC, a 30% increase in ECU tendon excursion can occur creating a bowstringing effect [61]. 
This distal portion of the TFCC, along with the ECU tendon sheath, creates a wrapping effect 
around the carpal bones of the wrist providing stability during ulnar motion. It is through these 
various ligamentous connections that TFCC helps to provide stability to the wrist structure, as 
well as the distal radio-ulnar joint. 
 
 
Figure 2.2.1-6: Artistic rendering of the various ligamentous attachments of the triangular 
fibrocartilage complex (TFCC) [49]. 
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2.2.3 Muscular Anatomy 
 
 Muscles of the Wrist 
There are five muscles whose primary purpose is movement of the wrist. These muscles 
can be divided into flexors (Figure 2.2.3-1): the flexor carpi ulnaris (FCU) and the flexor carpi 
radialis (FCR); and extensors (Figure 2.2.3-2): the extensor carpi ulnaris (ECU), the extensor 
carpi radialis longus (ECRL), and the extensor carpi radialis brevis (ECRB). The FCU inserts 
into volar base of the fifth metacarpal, but also utilizes the pisiform to increase its moment arm. 
This tendons primary function is to flex and adduct the wrist. The FCR inserts at the volar base 
of the second metacarpal and acts to flex and abduct the wrist. The ECU inserts at the dorsal base 
of the fifth metacarpal and acts to extend and adduct the wrist. The ECRL and ECRB both act to 
extend and abduct the wrist. The ECRL inserts at the dorsal base of the second metacarpal, and 
the ECRB inserts at the dorsal base of the third metacarpal. 
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Figure 2.2.3-1:  Flexors of the wrist [62]. 
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Figure 2.2.3-2: Extensors of the wrist and digits [62]. 
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Extrinsic Muscles of the Digits 
Of the many muscles that allow for movement at the joints of the digits there are three 
extrinsic muscles which allow for digit flexion (Figure 2.2.3-3): the flexor digitorum superficialis 
(FDS), the flexor digitorum profundus (FDP), and the flexor pollicis longus (FPL); and five 
extrinsic muscles which allow for digit extension (Figure 2.2.3-2): the extensor digitorum (ED), 
the extensor digit minimi (EDM), the extensor pollicis longus (EPL), the extensor pollicis brevis 
(EPB), and the extensor indicis (EI). The FDS and FDP insert into middle and distal 
(respectively) phalanges of digits two through five and act to flex the digits at the interphalangeal 
jointa and metacarpophalangeal joint. The FPL inserts into the base of the distal phalange of the 
thumb and acts to flex the thumb at the interphalangeal and metacarpophalangeal joints. The ED, 
EDM, and EI all insert at the extensor expansion of their respective digits. The ED inserts into 
digits two through five, the EDM inserts into the fifth digit, and the EI inserts into the second 
digit; they all act to extend the digits across the interphalangeal and metacarpophalangeal joints. 
Both the EPL and EPB are extensors of the thumb and insert at the distal and proximal phalanges 
respectively [47]. 
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Figure 2.2.3-3: The digit flexors of the hand [62]. 
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Chapter 3: Wrist Model Development 
 
  
3.1 Overview 
 
 The purpose of this thesis was to further a previous rigid body model (RBM) of the wrist 
developed by Wayne & Mir [42] and use it as a means to study scapholunate kinematics in a 
clinically relevant manner. The model developed by Wayne & Mir [42] used a combination of 
high resolution computerized tomography (CT) and computer aided design (CAD) to create an 
accurate three-dimensional (3D) RBM of the human wrist. Rigid body modeling studies the 
kinematics between solid bodies, based on predefined properties and boundary conditions. Due 
to the nature of RBM, all of the bony anatomy as well as some soft tissue structures were 
assumed to be rigid incompressible solid bodies. The surface geometry of these solid bodies was 
determined based upon CT imagery for the model developed in this thesis. The other soft tissue 
structures were represented as various force vectors and spring elements that defined the ways in 
which the rigid bodies could interact. Properties related to these tissues were obtained from the 
literature and used to govern the behavior of the vectors and spring elements. Together these 
elements produced a RBM that replicated various experimental studies by mimicking the muscle 
loading prescribed in these studies. The model was then validated and used to provide further 
insight into clinical problems of the wrist. 
 
 
3.2 Computed Tomography of the Wrist 
 
 The CT scan to create the 3D bodies for the Wayne & Mir [42] model was taken of a 
fresh frozen left upper extremity cadaver arm from a 52-year-old male donor. The cadaveric 
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specimen was examined to ensure that no abnormalities of kinematic function or tissue structure 
persisted, and that overall range of motion adhered to physiologic ranges. In order to prepare the 
cadaver arm for scanning, the wrist was fixed to a neutral position by visual inspection. Neutral 
was defined as the long axis of the third metacarpal in parallel with the long axis of the radius. 
The cadaver specimen was then scanned in a SOMATOM Sensation 64 helical scanner (Siemens 
AG, Forcheim, Germany) with a slice resolution of 512x512 pixels (each pixel contained 12 bits of 
data). Scan slices were separated by 0.4 mm, leading to a total of 2,283 scan slice images. After 
scanning, the actual position of the wrist was determined to exhibit 0.35 degrees of extension and 
8.52 degrees of ulnar deviation. This offset from a true neutral position was later corrected in the 3D 
model by rotating the whole of the wrist structure to ensure that the long axis of the third 
metacarpal was parallel with the long axis of the radius.  
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Figure 3.2-1: Cadaver arm that was scanned by Wayne & Mir to create their computational 
model [42].  
 
 
3.3 Three Dimensional Body Creation 
 
 
3.3.1 Mask Creation and Refinement 
 
 After Wayne & Mir [42] received the CT scan of the aforementioned cadaver arm, the 
images were imported into the commercially available software package MIMICS (Materialise’s 
Interactive Medical Imaging Control System, Version 13, Materialise, Ann Arbor, MI). MIMICS is a 
software package for medical image processing and allows users to create accurate 3D models based 
on patient medical images (such as CT or ultrasound). These 3D models can then be imported into 
engineering CAD or finite element analysis (FEA) programs to allow for patient specific analysis. 
Wayne & Mir [42] used the original two-dimensional (2D) CT scan images to create 3D bodies 
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representing the bony anatomy, as well as some soft tissue structures, for use in a rigid body model 
(RBM) of the wrist. 
 As mentioned previously, from the CT scan a total of 2,283 2D images were obtained and 
imported into MIMICS as arrays of DICOM (Digital Imaging and Communications in Medicine) 
images. DICOM is a standard format by which medical images are stored and transmitted between 
various software packages. Within MIMICS the images were stacked and arranged according to the 
axes defined by the original scan. This array of stacked images allowed for a 3D representation of the 
cadaver arm within the MIMICS software. The 3D representation of the wrist was formed by a set of 
hexahedrons whose sides were formed from the pixels of the 2D scan images. These hexahedrons are 
called voxels, or volumetric pixels. 
 In order to create individual 3D bodies from the overall 3D representation of the 2D CT scan, 
MIMICS uses a tool called thresholding. This tool marks pixels based on Hounsfield units (HU). 
HUs are a measure of radiodensity and, based on the original CT scan, each pixel is assigned a value 
pertaining to its radiodensity. A range of HU must be set to use the thresholding tool, and then any 
pixels whose HU value falls within that range will be marked by MIMICS. MIMICS has a number of 
predefined thresholding ranges to help users partition out certain types of tissue. This range is 
defined differently for different types of tissues based on averages of radiodensity. Bone, for 
example, is defined as any pixels with a radiodensity between 226 and 1988 HU. Unfortunately when 
using these ranges some elements of the true tissue anatomy can be left unselected due to their 
radiodensity falling outside the upper and lower bounds. In order to accurately represent each 
structure the baseline threshold range had to be adjusted to minimize the number of pixels left 
unselected and minimize the amount of manual editing necessary to select the structure.  
Once an ideal thresholding range had been chosen, each body was relegated to its own individual 
mask from the overall global mask (Figure 3.3.1-1). This involved using the crop tool to eliminate 
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unused portions of the scan and allow for easier selection of the tissues of the wrist. Boolean 
operators were also utilized to quickly subtract out bodies from the overall global mask. The result of 
this process yielded a total of 754 images, down from 2283, as well as the 15 individual masks for 
each of the bones of the wrist. To further refine each individual mask and ensure that appropriate 
voxels were selected, the multiple edit slice tool was used. This tool allows for manual selection of 
pixels in MIMICS and allows for these actions to be copied to multiple slices within the scan. Using 
this tool individual mask selections could be smoothed out and extraneous noise could be removed. 
Each mask was visually inspected and edited using the multiple slice edit tool to ensure that there 
were no surface discontinuities and no overlap between masks. This ensured that each bone was 
accurately represented and occupied its own space within the final model. 
After creating a mask MIMICS analyzes the selected voxels of all the slices in the mask to create 
a set of selected contours known as polylines (Figure 3.3.1-1). These polylines represent the 
boundaries of each mask selection; MIMICS uses a linear interpolation between sets of polylines to 
create the final 3D body of a mask. Once polylines had been set for each mask, they were checked 
again to ensure no discontinuities existed. As mentioned previously, the masks struggled to 
completely select trabecular bone or the medullary space of the long bones; because using hollow 
bodies is detrimental to RBM all voxels within the designated polylines were selected to ensure a 
solid body was created. After the masks and polylines were deemed satisfactory 3D bodies were 
created from each mask (Figure 3.3.1-1). A final check was done to ensure the bodies accurately 
replicated their respective bones and did not contain extraneous surface noise. 
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Figure 3.3.1-1: Process of three-dimensional (3D) body creation. First a mask is created, then 
polylines are rendered from that mask, and finally a 3D body is created using linear 
interpolation (bone pictured is the scaphoid). 
 
3.3.2 Three Dimensional Mesh, Adjustments, and Stereolithographic File 
Exportation 
 
 The 3D bodies created from the aforementioned masks are defined by their surface 
geometry; which is created from an intricate network of triangles called a 3D mesh. This 3D 
mesh is used to accurately represent the curvature and surface structure of each of the bones 
extracted. Unfortunately this mesh based surface can appear rough and irregular due to the 
difficulties of translating the original 2D scan images into a 3D body; to compensate for this each 
mesh must be refined. By smoothing the surface of each mesh the chance of the final model 
failing to converge, or being prone to error, is reduced. On top of smoothing out surface noise, 
mesh refinement also serves a second purpose of reducing final file size of the 3D bodies. This 
becomes especially important when the bodies are used for RBM as it decreases computational 
time and power needed to render the model.  
MIMICS has a number of tools inherent to the software which allow for mesh 
refinement. Of the many tools, two were deemed appropriate for mesh refinement without loss of 
the original bony architecture: triangle reduction and smoothing. Triangle reduction utilizes and 
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algorithm to remove highly acute or obtuse triangles from the mesh. Ideally the more equilateral 
triangles that make up the mesh, the less computationally intensive the mesh will be. The 
algorithm uses this philosophy to assign a dimensionless value between 0 and 1 to each triangle 
in the mesh. A value of 1 designates an equilateral triangle and a value of 0 designates a highly 
obtuse or acute triangle. The user can then select a threshold value designating that all triangles 
outside the threshold are removed from the mesh and are replaced with triangles whose value is 
within the threshold. Through this method the number of triangles within the mesh is reduced as 
well as the quality of the mesh improved; this in turn allows for a decrease in computational 
time. Additionally, triangle reduction also reduces triangles based on edge angles. The algorithm 
measures the angles between two triangles within the mesh who share an edge. Then, based on a 
threshold set by the user, triangles whose edge angle is low are considered to be one facet and 
are combined, while triangles whose edge angle is high are considered unique and are retained 
within this mesh. This secondary method allows for further triangle reduction by removing 
triangles which do not represent a unique facet of the surface geometry. For use in the Wayne & 
Mir [42] model the thresholds for each step were set at 0.3 and 15 degrees respectively. These 
numbers were achieved through trial and error until values were found which provided ideal 
optimization and quality retention. 
The second tool used to improve the quality of the mesh was the smoothing tool. This 
tool uses an algorithm to smooth out noise from the surface of the mesh based on the Smoothing 
Factor ratio. By analyzing the vertices of each triangle compared to other triangles that share the 
same vertex a weighted value was assigned. If the value was low then the initial position of the 
vertex was maintained. If the value was high the vertex was adjusted according to all the 
adjacent triangles’ vertices. Through this method, this tool can easily remove excess noise from 
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the surface of the body, but care must be taken to not overcompensate and inadvertently remove 
important landmark features of the 3D surface body. 
Each tool was used to refine the mesh of each extracted solid body (Figure 3.3.2-1). The 
number of iterative times each tool was used correlated to the overall size of the body. Larger 
bones, such as the radius, received a maximum of 15 iterations of the above mentioned tools. 
Smaller bones, such as the scaphoid or lunate, received fewer iterations. The number of iterations 
varied from bone to bone. Between each iteration of the aforementioned tools the structure of the 
3D body was evaluated: if the structure was found to be acceptable, no further iterations of 
triangle reduction or smoothing were used. After using the remeshing tools, the 3D bodies 
received a final inspection. Any outlier triangles that were not removed were manually removed 
and redrawn through careful visual inspection.  
 
 
 
 
Figure 3.3.2-1: The process from rough three dimensional (3D) body, to 3D body after triangle 
reduction, to 3D body after smoothing. 
 
Once final edits were complete each 3D body was exported as a stereolithographic (STL) 
file. A STL file is a general 3D body file which describes the body as a point cloud, no other data 
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is included. This point cloud can be interpreted easily by nearly all CAD programs and therefore 
makes STL files the most useful files to transfer 3D geometry data between different 3D 
modeling software. By importing each STL file into SolidWorks, a series of parts, with identical 
geometry to the original 3D bodies created in MIMICS, was created. These parts were later used 
to assemble the RBM within the SolidWorks kinematics software SolidWorks Motion. 
 
 
 
3.4 SolidWorks 
 
3.4.1 SolidWorks Assembly 
 
 SolidWorks (SolidWorks 2010, Dassault Systèmes SolidWorks Corporation, Waltham, MA) 
is a CAD program which allows for both 2D and 3D design. Included in the SolidWorks package are 
a number of simulators including FEA simulation, as well as a kinematic solver called SolidWorks 
Motion. As mentioned previously, each bone was saved as its own part using geometry extracted 
from the MIMICS software. In order to create a functioning model, each part was imported into the 
SolidWorks assembly space. The assembly space is a tool within SolidWorks which allows for 
multiple parts to be imported and defined in relation to other parts. To mimic the bone positions from 
the original scan, each bone was imported into the assembly and arranged in relation to the radius. 
The radius was fixed and had its anatomical coordinate system aligned with the coordinate system of 
the design space based on International Society of Biomechanics (ISB) definitions [63][64]. Using 
these definitions each bone was placed in its correct scan position to create the final SolidWorks 
assembly (Figure 3.4.1-1). Once all bones had been properly placed within the assembly, the long 
axis of the radius and the third metacarpal were also defined to allow for wrist motion angle 
measurements to be obtained. 
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Figure 3.4.1-1: Dorsal and Volar views of the final SolidWorks assembly of bony three-
dimensional bodies.  
 
 
 
 
3.4.2 SolidWorks Motion 
 
 After assembling the bones within the assembly space, the entire assembly was brought 
into the SolidWorks Motion space. SolidWorks Motion is an add-in software that allows for 
kinematic analysis of various structures or assemblies within the SolidWorks workspace. 
Elements such as: force vectors, springs, dampers, friction, gravity, and contact parameters; can 
all be added to the Motion space to dictate movement of the structures within the assembly. 
Additionally, parameters such as fixing and mating are retained from the SolidWorks assembly 
space.  
As mentioned previously, this study incorporated a RBM, where all the bones were 
defined as rigid solid bodies. In order for this to be true within the SolidWorks Motion design, 
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space contact parameters were set between the bones. SolidWorks calculates solid contact force 
by first calculating the volume of overlap between two bodies at any given time interval. If this 
overlap exceeds a pre-determined penetration depth set by the user, SolidWorks will apply a 
repelling force to each body at the centroid of the overlap. This force is proportional to the 
amount of overlap, as well as a pre-defined stiffness of the solid bodies’ material. The Wayne & 
Mir [42] model defined the stiffness as 10,000 N/mm to ensure rigidity of the solid bodies; 
penetration was allowed to reach a depth no greater than 0.001 mm before the solver would 
institute contact forces. These values ensured that the bones and other solid bodies behaved 
rigidly and allowed the final solution of the model to have no overlap, greater than 0.001 mm, 
between bones. A dampening element of 50 N/mm-s was also applied to ensure no quick and 
sharp movements, which could lead to failure of the model. This overall damper was applied to 
any forces experienced by the solid bodies due to contact parameters. It acted to decrease the 
chance that a large overlap between two solid bodies at any individual time step would result in a 
large non-physiologic repelling force. If these forces were allowed to occur the model would 
have difficulty reaching a final stable solution and would be more prone to failure. 
After setup, a SolidWorks Motion study can be solved using one of the solvers inherent 
to Motion. For this study the ADAMS solver was selected. The ADAMS method iteratively 
solves utilizing a GSTIFF integrator to solve for the governing ordinary differential equations, in 
this case the equations are those governing motion of rigid body [65]. The ADAMS solver 
automatically chooses the step size and order of the method within parameters set by the user. 
The largest step size possible at any given point in the simulation is chosen in order to minimize 
the amount of work done by the solver. For the model developed in this thesis a maximum time 
step of 10-2 seconds and a minimum of 10-9 were chosen to ensure accurate solutions were 
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reached by the ADAMS solver. If the solver failed to find a solution to the equations of motion 
after reaching the minimum time step, the model would fail to converge to a stable final solution 
[65]. As these equations are solved in incremental time steps, the model attempts to converge to 
a final stable solution, this outcome is facilitated by additions to the model such as dampers 
which decrease the likelihood of large spikes in force and motion. In order for the solver to 
converge to the most accurate solution possible, a frame rate of 50 frames per second was 
chosen, and the geometric accuracy of the solver was set to its highest value. These parameters 
ensured that a sufficient amount of the motion was captured and that the accuracy of surface 
mesh of each body was as high as possible. The trade-off being that maximum accuracy does 
increase computation time.  
Once an assembly—and its corresponding elements and boundary conditions—is solved, 
SolidWorks Motion can also provide countless types of kinematic data to be analyzed. Anything 
from contact force to displacement between bodies can be fairly easily investigated. 
 
3.4.3 Ligament Definitions 
 
 Ligaments within the model were defined as tension only spring elements with no 
resistance to compression. The vectors representing the ligaments were placed between two 
points, representing the ligaments anatomical origin and insertion. These points coincided with 
vertices found in the mesh on the surface of the bone solid bodies. In most cases one ligament 
was represented by two vectors, while larger ligaments were represented by three or more 
vectors. The anatomical descriptions of each ligament, as well as their properties, were 
determined from published experimental studies done on cadaveric tissues and used to guide in 
the proper placement of the various vectors [62][66][67][68][69][70][71][72][73][74]. As 
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mentioned in Chapter 2, there exists, to some degree, variation in the morphology of the 
ligaments of the wrist within the general population. This variation is apparent in the text as 
description of ligamentous anatomy varies from source to source. Regardless ligament 
attachment points were selected based on landmarks and reference points described in the 
anatomical texts.  
After locating the attachment cites for each ligament, vertices on the solid bodies were 
marked to closely replicate the breadth of attachment seen in the texts. As mentioned previously, 
most ligaments were modeled using two attachment points on each solid body connected by a 
spring element. This allowed most ligaments to be modeled using four points and two vectors 
(Figure 3.4.3-1 to Figure 3.4.3-6). Exceptions to this rule were the six interosseous ligaments 
(SL, LT, PT, TT, CH, and TH), the RSC, the STT, and the intermetacarpal and carpometacarpal 
ligaments. The six interosseous ligaments were divided into dorsal and palmar bands. Each band 
contained two spring elements and four attachments points. The RSC was divided into the 
radioscaphoid (RS) and radiocapitate (RC) ligament. Both contained two spring elements and 
four attachment points. The STT was modeled using three spring elements: two with attachments 
on the trapezium and one with an attachment on the trapezoid. This gave the STT a total of three 
spring elements and six attachment points. The intermetacarpal and carpometacarpal ligaments 
were each modeled using one spring element and two attachment points. 
In addition to the ligament parameters described above, the Wayne & Mir [42] model 
was modified in two ways in order to better represent various ligament morphologies. As 
described in Viegas et al, both the DRC and DIC can have various morphologies with differing 
ligamentous attachments [53]. Two more spring elements were added to the model to better 
represent this occurrence. The first was added to DRC and replicated insertions of the DRC onto 
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dorsal surface of the lunate. The second was added to the DIC and replicated insertions of the 
DIC onto the dorsal aspect of the lunate; therefore, each of these ligament structures was 
modeled using three spring elements and six attachment points (Figure 3.4.3-2 and Figure 3.4.3-
4). 
 
 
 
 
 
Figure 3.4.3-1: Palmar extrinsic ligaments represented as spring elements within the assembly. 
Abbreviation definitions for ligament structures can be found starting on page vii. 
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Figure 3.4.3-2: Dorsal Radiocarpal Ligament represented as spring ligaments, the additional 
lunate attachment is represented as DRC-L. Abbreviation definitions for ligament structures can 
be found starting on page vii. 
 
 
 
Figure 3.4.3-3: Various palmar intrinsic ligaments represented as spring elements within the 
model. Abbreviation definitions for ligament structures can be found starting on page vii. 
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Figure 3.4.3-4: Various dorsal intrinsic ligaments represented as spring elements. The 
additional lunate attachment of the DIC is represented as DIC-L. Abbreviation definitions for 
ligament structures can be found starting on page vii. 
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Figure 3.4.3-5: Palmar view of the carpometacarpal and proximal transverse metacarpal 
ligaments represented as spring elements. Abbreviation definitions for ligament structures can 
be found starting on page vii. 
 
 
 
 
 
 
 
 
Figure 3.4.3-6: Dorsal view of the carpometacarpal and intermetacarpal ligaments represented 
as spring elements. Abbreviation definitions for ligament structures can be found starting on 
page vii. 
 
Once the attachment points and linear vectors had been determined, the mechanical 
properties of each spring element were defined (Table 3.4.3-1 to Table 3.4.3-3). Based on the 
literature, stiffness values were selected for each ligament and applied evenly to the vectors 
representing that ligament [30][48][75][76][77]. For some experimental studies stiffness was 
reported outright for each ligament studied. If no stiffness was reported outright then the stiffness 
was calculated based on the modulus of the ligament as well as average cross sectional area. 
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While variation exists between stiffness values reported in the literature, specific values were 
chosen to be represented in the model. 
In order to more accurately represent the nature of the SL ligament and the LT ligament, 
the stiffness of their dorsal and palmar bands were altered to some percentage of total true 
stiffness. Unfortunately a quantitative value for the difference in properties between the dorsal 
and palmar bands of the SL and LT is not documented within the literature. In order to select an 
appropriate value, a set of trials using the Wayne & Mir [42] model were run to gauge the 
behavior of the scapholunate joint through various types of motion (flexion, extension, ulnar 
deviation, and radial deviation). After various tests, a 75/25 split was chosen as it provided the 
best results in terms of physiologic scapholunate joint behavior; such as angle between the 
scaphoid and lunate and displacement between the two bones. To achieve this, the dorsal spring 
elements of the SL ligament were altered to be three times as stiff as the palmar spring elements 
of the SL ligament. Alternatively, the palmar spring elements of the LT ligament were altered to 
be three times as stiff as the dorsal LT spring elements. These adjustments allowed for the 
ligaments to behave more akin to their description in the literature. The scapholunate ligament 
(SLL) is said to be stronger dorsally when compared to its palmar section, alternatively the 
lunotriquetral (LT) has an opposite anatomy where it is stronger in its palmar section than its 
dorsal section [49]. Previously, it was also explained that a third spring element was added to 
both the DRC and DIC. These additions changed the individual spring stiffness of each of the 
elements within the DRC and DIC complexes (as compared to the Wayne & Mir [42] model), to 
1/3 of their overall total stiffness. 
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Ligament Name Stiffness of Single 
Spring Element 
(N/mm) 
Total Ligament 
Stiffness (N/mm) 
Dorsal Radiocarpal Ligament (DRC) 25 75 [48][75] 
Long Radiolunate Ligament (LRL) 18.75 37.5 [48][75]  
Radiocapitate Ligament (RC) 25 50 [57][78] 
Radioscaphoid Ligament (RS) 25 50 [30][78] 
Short Radiolunate Ligament (SRL) 18.75 37.5 [48][75] 
Ulnocapitate Ligament (UC) 25 50 [30] 
Ulnolunate Ligament (UL) 20 40 [30][48] 
Ulnotriquetrum Ligament (UT) 20 40 [30] 
 
Table 3.4.3-1: Stiffness of spring elements representing the extrinsic ligaments within the model. 
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Ligament Name Stiffness of 
Single Spring 
Element (N/mm) 
Total Ligament 
Stiffness (N/mm) 
Capitohamate Interosseous Ligament (CH) 81.25 325 [76] 
Capitotrapezoidal Interosseous Ligament (CT) 75 300 [30][48][76] 
Dorsal Intercarpal Ligament (DIC) 16.66 50 [75] 
Lunotriquetral Interosseous Ligament (LT) Dorsal 
75 [49] 
Palmar 
225 [49] 300 [30][48][57] 
Pisohamate Ligament (PH) 25 50 
Pisotriquetral Interosseous Ligament (PT) 25 100 
Scaphocapitate Ligament (SC) 20 40 [30][48] 
Scapholunate Interosseous Ligament (SL) Dorsal 
150 [49] 
Palmar 
50 [49] 200 [30] 
Scaphotrapeziotrapezoidal Ligament (STT) 50 150 [30][48] 
Transverse Carpal Ligament (TCL) 32.5 130 [76] 
Triquetrocapitate Ligament (TC) 20 40 [30][48][57] 
Triquetrohamate Ligament (TH) 25 50 [30] 
Trapeziotrapezoidal Interosseous Ligament (TT) 37.5 150 [76] 
 
Table 3.4.3-2: Stiffness of spring elements representing the intrinsic ligaments within the model. 
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Ligament Name Stiffness of 
Single Spring 
Element (N/mm) 
Total Ligament 
Stiffness (N/mm) 
Carpometacarpal Ligaments 100 100 
Intermetacarpal Ligaments 100 100 
 
Table 3.4.3-3: Stiffness of spring elements representing the carpometacarpal and 
intermetacarpal ligaments within the model 
 
  Once a proper stiffness had been chosen for each of the ligaments, they were applied to 
the tension-only spring elements. To create each of the tension only spring elements action-
reaction force vectors were created within the model. Each of these vectors’ behavior was 
defined by a short FORTRAN code that only allowed force development in tension. The code 
used a standard “If statement” and applied a force, relative to the chosen stiffness, whenever the 
distance between the two defined attachment points of the ligament was greater than the starting 
position (Equation 3.4.3-1). 
 
If((L-L0):0,0,k*(L-L0))  Equation 3.4.3-1 
Where, L = Ligament length at time t 
L0 = Ligament length at time 0 
k = Stiffness of single spring element 
 
  
In order to map the length of each ligament over the course of a run, a results plot was 
created for each spring element. The value of L was always equal to the current length reported 
by the results plot at any given t. The value of L0 was a constant that defined the initial length of 
the spring element according to the distance between the two attachments in the original neutral 
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orientation of the wrist model. Based on the difference between the initial ligament length and 
ligament length at time t, a force would be generated proportional to the stiffness value assigned. 
If the difference was 0 or negative, no force would be generated. In situ strain of the different 
ligaments of the wrist was not incorporated in the model developed for this thesis. 
 In order to ensure that the forces generated by the spring elements would not cause quick 
and sudden movement of the model, which could ultimately lead to failure, a series of dampers 
was also applied along the lengths of each of the spring elements. These dampers disallowed 
large movements of the model due to forces applied by the ligament springs. Similar to the 
overall damper applied to the contact parameters, these dampers decreased the likelihood of non-
physiologic movements or forces being generated and causing the model to fail to reach a 
solution. The dampers stabilized the model by decreasing the overall magnitude and speed at 
which a force, due to ligament tension, could be applied at any given time step to any solid body; 
however, they were not implemented or intended to attempt to mimic viscoelastic behavior. The 
dampening coefficient of each damper was set 0.5 N-s/mm. The one drawback of using these 
dampers was that more time was needed for the model to converge to a final solution. This meant 
that the overall time domain of the model had to be increased, but that the ADAMS solver had a 
less likely chance of reaching its minimum time step allowance, which meant a smoother and 
less error prone model. 
 
3.4.4 Modeling the Triangular Fibrocartilage Complex (TFCC) and Capsular 
Retinacular Structures 
 
 The triangular fibrocartilage complex and capsular structures are both soft tissue 
structures that play important roles in stabilizing the wrist. Due to the nature of rigid body 
modeling (RBM), these structures needed to be represented within the model as a combination of 
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rigid solid bodies and spring elements. Physiologically these soft tissue structures would 
experience some degree of deformation, but for the purposes of this model their representations 
were assumed to be rigid and incompressible. The behaviors of both the TFCC and capsular 
retinacular structures were replicated within the model using a combination of spring elements 
and rigid solid bodies. These elements were setup based upon descriptions of each soft tissue 
from the literature [59][60][61] and their ability to mimic true physiologic function was 
evaluated in the Wayne & Mir [42] model. 
Triangular Fibrocartilage Complex 
 For the purposes of the Wayne & Mir [42] model the TFCC was divided into two distinct 
sections [42]. The first section was the proximal portion of the TFCC. This section was said to be 
comprised of the radioulnar ligaments, the articular disc, and the fibrocartilage meniscus 
homologue. These structures were chosen based on various citations within the literature 
describing the anatomy and function of the TFCC [59][60][61]. The main function of the 
proximal section is to provide a smooth articulating surface to the lunate and triquetrum, acting 
as an extension of the fossa of the radius. The second section of the TFCC was defined as the 
distal portion. This section’s purpose is to act as an attachment point for the ulnar collateral 
ligament (UCL), flexor retinaculum (FR), extensor retinaculum (ER), the pisiform, and the 
extensor carpi ulnaris (ECU) tendons sheath [61]. A secondary function of this structure is to act 
as stabilizing element to the carpal bones by wrapping about them. 
 In order to create these structures within the SolidWorks assembly, two separate bodies 
were extracted from the original scan using MIMICS. The same methods as mentioned 
previously in this chapter were used. For the proximal portion of the TFCC a 3D body was 
extracted as an extension of the ulnar head within the scan. This solid body acts as an extension 
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of the radiocarpal articulating surface, and was fixed to the head of the ulna within the model. 
This meant that no motion of the proximal portion of the TFCC could occur. The distal TFCC 
was modeled extruded as a solid body slightly larger than its physiologic size. This was done to 
allow contact forces to be calculated between the distal portion and the carpus to mimic its 
stabilizing effect. The distal portion was then anchored to the proximal portion using a set of 
force vectors identical to the spring elements describe previously (Figure 3.4.4-2). These vectors 
imparted enough tensile force to anchor the distal portion to the proximal portion, but still allow 
the distal portion to move with the carpus through the various ranges of wrist motion. The final 
structure of the TFCC within the model can be seen in Figure 3.4.4-1. 
 
 
 
Figure 3.4.4-1: Dorsal and palmar view of the distal and proximal triangular fibrocartilage 
complex (TFCC) portions as represented within the model.  
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Figure 3.4.4-2: Force vectors connecting the proximal portion of the triangular fibrocartilage 
complex (TFCC) to the distal portion. 
 
 Capsular Retinacular Structures 
 It is not clear what role the retinacular structures play in stabilizing the wrist. The 
literature has shown that excision or alteration of the flexor retinacular structures can lead to 
changes in carpal arch behavior [97][98] as well as changes in tendon behavior after excision of 
the flexor or extensor retinacular structures [99]. While their overall contribution to wrist 
kinematics is unclear, it can be assumed that the wrapping effect provided by the flexor and 
extensor retinacular structures provides some stability to the carpus along with their main 
function to guide and protect the digit tendons. 
Similar to the TFCC the  dorsal capsular structures can be divided into distinct sections. 
The distal portion of the flexor retinacular (FR) structure is known in the literature as the 
transverse carpal ligament (TCL). This structure has distinct attachment points from the scaphoid 
tuberosity, the ridge of the trapezium, the hook of hamate, and the pisiform. To model this, the 
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four attachment points were marked within the model at their described locales. The structure of 
the distal FR was represented by four spring elements (Figure 3.4.4-3). Two of these spring 
elements spanned the palmar carpus horizontally connecting the trapezium to the hamate and the 
scaphoid to the pisiform. The other two spring elements spanned the palmar carpus diagonally 
connecting the trapezium to the pisiform, and the hamate to the scaphoid. The properties of these 
spring elements were determined similar to the method used for the ligaments which was 
described previously.  
 
 
 
Figure 3.4.4-3: Spring elements representing the attachments of the transverse carpal ligament 
(TCL) or distal portion of the flexor retinaculum. 
 
 The second distinct area of the FR is its proximal portion. The proximal portion of the 
FR, as well as the extensor retinaculum (ER), do not insert onto the carpal bones, rather they act 
to encapsulate the proximal carpal bones and tendons by wrapping around them. While the 
retinacular structures do not insert onto the carpal bones, they do have defined attachment points 
62 
 
 
to the radial styloid process, ulnar styloid process, TFCC, and pisiform. These attachments tether 
the “saran wrap-like” structure to the bony landmarks of the wrist. Together the FR and ER help 
to guide the tendons of the wrist and also function to provide stability to the wrist throughout its 
motion.  
In order to replicate this effect within the model four solid bodies were created in MIMICS. 
Two solid bodies represented the ER on the dorsal aspect of the wrist, and two solid bodies 
represented the FR on the palmar aspect of the wrist. Like the distal portion of the TFCC these 
structures were made to be thicker than they appear anatomically in order to allow them to 
impart contact force to the bones of the carpus. Once the bodies were imported into the 
SolidWorks design space they were assembled into the model based on their anatomic location. 
A series of spring elements were used to tether the four solid bodies to one another, as well as the 
bony attachment sites of the FR and ER mentioned previously. To ensure that the structure could 
impart force onto the carpus solid body contact parameters were set. The 3D solid body contact 
was set so the four solid bodies representing the FR and ER could only impart force onto the 
carpal bones. No solid body contact was set between the metacarpals, forearm bones, or other 
capsular bodies. This allowed the model to replicate contact between the retinacular structures 
and carpal bones, while disallowing the solid bodies of the capsular structures to interfere with 
each other. 
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Figure 3.4.4-4: Dorsal (left) and palmar (right) views of the solid bodies representing the flexor 
and extensor capsular structures within the model. 
 
 
 
 
 
 
 
3.4.5 Wrist Muscles 
 
 As stated previously, there are five main muscles of the wrist. They are the flexor carpi 
ulnaris (FCU), flexor carpi radialis (FCR), extensor carpi ulnaris (ECU), extensor carpi radialis 
longus (ECRL), and extensor carpi radialis brevis (ECRB). The insertion points of these muscles 
were obtained using definitions set in the literature; these points were then marked on their 
respective bones similar to the attachment points of the ligaments. The origin of each tendon was 
dictated by 3D bodies which were extracted, using MIMICS, from the original scan. These solid 
bodies of each muscle’s distal tendon were created using similar methods described at the 
beginning of this chapter. The distal tendon bodies were used in order to ensure a relatively 
straight line of action could be maintained from the tendon to insertion (Figure 3.4.5-1 and 
Figure 3.4.5-2). Once extruded these solid bodies were brought into the model and placed in 
there correct anatomic position as dictated by the original scan. 
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 In order to load the model along these tendons, constant value force vectors were created 
from points along each tendon to the previously marked insertion points. The points along each 
tendon were selected to lie approximately along the proximal termination point of the flexor and 
extensor retinaculum. Since the flexor and extensor retinaculum act as a guiding sheath for each 
tendon, it can be assumed that the action of each tendon past this point is roughly linear; 
therefore, no wrapping action of the tendons was modeled [79][80]. Two force vectors were used 
to represent each tendon and, as with the ligaments, each of these tendons had an associated 
damper which prevented rapid and abrupt changes in motion of the model. The magnitude of 
these constant force vectors was then adjusted according to the loading magnitudes described in 
the studies investigated by Wayne & Mir [42]. 
 
 
 
 
Figure 3.4.5-1: Flexor carpi radialis (FCR) and flexor carpi ulnaris (FCU) tendons represented 
within the wrist model. 
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Figure 3.4.5-2: Extensor carpi ulnaris (ECU), extensor carpi radialis brevis (ECRB), and 
extensor carpi radialis longus (ECRL) tendons represented within the wrist model. 
 
 
3.5 Complete Wrist Model 
 
 The final rigid body model (RBM) was created as described in this chapter. The bones 
were represented as solid bodies and were extruded from a computed topography (CT) scan of 
human left cadaver arm. The ligaments were modeled as tension only spring elements whose 
stiffness and points of action were dictated by anatomy and mechanical properties as described in 
the literature. The TFCC and retinacular structures were modeled using a combination of solid 
bodies and spring elements to mimic the stability provided by them to the wrist through its range 
of motion. The wrist muscles were represented by solid bodies, extracted from the original scan, 
representing the distal portions of each of their tendons. These tendons were then loaded using 
linear constant force vectors to simulate loading described in the studies being investigated. 
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Finally, all of these components were brought together to be validated using currently published 
cadaver studies and investigate further metrics. 
 
 
 
Figure 3.5-1: Final wrist model including all solid bodies. 
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Chapter 4: Evaluation of Scapholunate Kinematics Using a Computational 
Model of the Wrist 
 
 
 
 
4.1 Overview 
  
 The Wayne & Mir [42] model was previously validated against a radioscapholunate 
(RSL) fusion range of motion study and was used to investigate wrist biomechanics after a 
proximal row carpectomy (PRC). This thesis sought to further upon the Wayne & Mir [42] 
model and validate it for individual carpal bone mechanics, namely, the mechanics at the 
scapholunate (SL) joint. To achieve validation, a study concerned with SL kinematics was 
selected. The study, by Pollock et al [81], sought to evaluate stability at the SL joint using three 
measures, all obtained through various radiographs of the cadaveric wrist after loading. Four 
different wrist states were examined for comparison. The first was the normal wrist with the SL 
ligament intact, the second with the SL ligament excised, and finally two surgical repairs of this 
ligament, Blatt capsulodesis (BC) and the modified Brunelli technique (MBT) [81]. 
 Both the BC and MBT are soft tissue procedures used to treat scapholunate ligament 
dissociation and attempt to prevent the accompanying scapholunate advanced collapse (SLAC) 
of the wrist. The BC uses a segment of the capsular tissue in order to prevent excessive scaphoid 
flexion by attaching this capsular segment to the dorsal aspect of the scaphoid. The MBT is a soft 
tissue procedure which weaves a strip of the flexor carpi radialis (FCR) through the scaphoid and 
anchors the scaphoid and lunate to replicate the action of the scapholunate ligament (SLL). Both 
of these procedures are used clinically, although the BC has come under scrutiny due to 
radiographs showing poor restoration of the scapholunate joint mechanics. Because of this, as 
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well as the purely soft tissue nature of the BC without defining properties, it was not modeled in 
this thesis. 
 
4.2 Radiographic Evaluation of the Modified Brunelli Technique and Blatt 
Capsulodesis 
 
 
 The experimental study performed by Pollock et al [81] involved testing the cadaveric 
wrist in five types of motion: flexion, extension, ulnar deviation, radial deviation, and fist 
motion; four different states: the SLL intact, the SLL excised, BC surgical repair, and MBT 
surgical repair; and measured three different parameters radiographically; the SL interval, the SL 
angle, and the radiolunate (RL) angle [81]. 
 Five cadaveric arms that showed no evidence of injury or joint deterioration were 
selected for the Pollock et al [81] study. The specimens were vertically mounted in a plywood 
stand and the tendons of the FCR, FCU, ECU, ECRB, ECRL, FDS, and FDP, were exposed and 
attached to sutured S-shaped hooks to allow loading (Figure 4.2-1). The ECRB and ECRL were 
both sutured together to allow for equal loading. Flexion was achieved by loading the flexors 
(FCU and FCR), while extension was achieved by loading the extensors (ECU and the combined 
ECRB/ECRL). Ulnar deviation utilized the ulnaris tendons (FCU and ECU), and radial deviation 
utilized the radialis tendons (FCR and the combined ECRB/ECRL). Each of these motions was 
achieved by loading the two tendons each with a 5 lb weight. In the motions where the combined 
ECRB/ECRL tendon was used, one 5 lb weight was applied for both tendons. Fist motion was 
similarly mounted with the arm in a vertical upright position. The wrist was positioned in 20° of 
extension by manipulation of the third metacarpal via Kirschner wires; this angle was confirmed 
by a goniometer. How this extension was maintained was not explicitly stated, so other similar 
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experimental studies were investigated. It was determined that fixation by manually holding the 
wrist was most common [82]. Once positioned the four tendons of the FDS and four tendons of 
the FDP were sutured together side-to-side. This allowed a single 20 lb weight to be attached to 
the combined tendon complex to simulate even loading of the eight individual tendons and 
achieve a fist clenching motion. 
 
 
 
Figure 4.2-1: Example of loading apparatus and arm position for the Pollock et al study [81]. 
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 Once each arm had been mounted and loaded for the appropriate type of motion, lateral 
and posteroanterior (PA) radiographs were taken to represent the wrist in the intact state. The 
SLL and radioscaphocapitate (RSC) ligament were then excised surgically using a number 15 
scalpel blade. This created instability at the scapholunate joint due to loss of the primary (SLL) 
and secondary (RSC) stabilizers; this state was referred to as the cut state. After excision, the five 
arms were again loaded for each of the five motions, and lateral and PA radiographs were taken.  
 Both the MBT and BC were then performed on each of the five cadaver arms. By random 
selection, it was decided the MBT would be performed first; this pattern was alternated for 
subsequent cadavers. The MBT was performed as described by Moran et al [83] (Figure 4.2-2). 
Through a volar incision, a distal portion of the FCR tendon was cut longitudinally to create a 
slip of FCR tendon approximately a third of the original tendon width. The scaphoid was then 
exposed through a dorsal incision and drilled using a 3.2 mm drill. A K-wire was entered into the 
dorsal bare area of the scaphoid and exited through the volar distal pole, to be used as a guide for 
the drill. The FCR tendon slip was then passed through the tunnel of the scaphoid; entering from 
the volar aspect and exiting through the dorsal aspect. Passing out of the dorsal aspect of the 
scaphoid, the tendon slip was then looped around the radiotriquetral, or dorsal radiocarpal, 
ligament. Using manual manipulation, the scaphoid and lunate were reduced to match their 
anatomic alignment. The slip of FCR tendon was then sutured to the dorsal surface of the lunate 
at the approximate attachment site of the scapholunate ligament. The FCR tendon was further 
secured to itself and the surgical incision sites were closed. After undergoing the MBT, the 
cadaver specimen was mounted and loaded for the five types of motion; radiographs were then 
obtained. Further loading was achieved by cycling the loading for each surgical repair state 100 
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times. This allowed for sufficient creep of the soft tissues, and ensured a stable final end state 
was reached for the surgical repairs. 
 
 
 
 
Figure 4.2-2: Illustration of the modified Brunelli technique [84]. 
 
 Following loading of the cadaver specimen, the MBT was removed and the BC was 
performed as described by Blatt, G. [85]. The carpus was accessed using a dorsal incision. The 
scaphoid and lunate were then reduced using manual manipulation as described for the MBT 
procedure. Once both bones were in their anatomically correct positions, a 1 cm wide dorsal 
capsular flap was sutured to the distal dorsal scaphoid. The dorsal capsule was then closed by 
suturing the free capsular tissues to the three sides of the 1 cm wide flap. All surgical incisions 
were then closed and again the cadaver arm was mounted and loaded. As with the MBT, further 
loading was achieved by cycling the loads 100 times for each of the five motions. 
 Once all five cadaver specimens had been tested for all states and all ranges of motion, 
the lateral and PA radiographs were brought into Adobe Photoshop 6.0 (Adobe Systems Inc., 
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San Jose, CA). PA radiographs were used to measure the SL interval, while lateral radiographs 
were used to measure the SL angle and radiolunate (RL) angle. The SL interval was defined as 
the distance between the midpoint of the scaphoid and the lunate (Figure 4.2-3). A K-wire of 
known length was also included in each of the PA radiographs in order to allow correction for 
magnification. Using Photoshop, the lengths of the K-wire and the defined SL interval in each 
PA radiograph were measured and compared to the known actual length of the K-wire according 
to the method described by Kindynis et al [86]. This gave the researchers a conversion factor 
from which the true SL interval could be calculated. 
 
 
 
 
Figure 4.2-3: Example of the SL interval measurement on a posteroanterior (PA) radiograph 
[87]. 
 
 As mentioned previously, the SL and RL angles were measured on lateral radiographs. 
Three different lines were marked on the lateral radiographs to measure the SL and RL angles. 
The first line marked the volar surface of the scaphoid and was marked as line “S.” The second 
line was perpendicular to the two distal poles of the lunate and was marked line “L.” Finally, the 
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third line was defined as being parallel to the medullary canal of the radius and was marked line 
“R” (Figure 4.2-4). The SL angle was defined as the angle between lines “S” and “L,” while the 
RL angle was defined as the angle between lines “L” and “R.” After all lateral radiographs had 
been marked, and the SL and RL angles measured, statistical analysis was performed. This 
analysis included: an independent power analysis, a repeated-measure analysis of variance, a 
Tukey test, and a Student’s t-test. These methods were used to determine the statistical 
significance of the obtained data. 
 
 
 
 
Figure 4.2-4: Illustrations showing the definitions of lines used to measure the scapholunate (SL) 
and radiolunate (RL) angles. A: definition of line “S,” B: definition of line “L,” and C: 
definition of line “R” [87]. 
 
 
4.3 Computational Modeling of the Pollock et al Study 
 
 
4.3.1 Modeling of the Wrist Motions 
 
 The wrist model developed by Wayne & Mir [42] was further modified in order to match 
the setup and loading parameters described in the Pollock et al [81] study. In the experimental 
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study the cadaver arms were mounted upright and weights were hung from the aforementioned 
tendons to simulate muscle forces. This method was used to achieve the five motions mentioned 
previously in this chapter. In order to replicate this in the model the radius and ulna were fixed to 
replicate the mounting apparatus in the original study. The remaining bones were free to move, 
only being bound by the loading perturbations, spring elements, and solid body contact as 
described in chapter 3. To replicate the downward gravitational forced experienced by individual 
bones, when mounted as described in the Pollock et al [81] study, each bone was affixed with a 
gravitational force vector (Figure 4.3.1-1). This vector applied a gravitational force based on the 
calculated volume of each solid body and a density value of bone ascertained by SolidWorks 
using its material database. Each of these vectors acted in a downward fashion parallel to the 
long axis of the radius. To replicate the 5 lb weight applied to the tendons, the constant force 
vectors representing each of the tendons were set to achieve a total force equivalent to the 5 lb 
weight. The FCU and FCR were loaded for flexion, ECU, ECRL, and ECRB for extension, the 
FCU and ECU for ulnar deviation, and the FCR, ECRL, and ECRB for radial deviation. Each of 
these tendons was represented by two force vectors with a total force of 22.24 N; with the 
exception of the ECRL and ECRB, each which achieved a total force of 11.12 N, or 2.5 lbs. 
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4.3.1-1: Wrist model showing gravitational force vectors (in blue) for each of the bony solid 
bodies (capsular structures hidden for clarity).  
 
4.3.2 Modeling the Fist Motion of the Wrist 
 
 To replicate the fist motion described in the experimental study, the eight distal tendons 
of the flexor digitorum superficialis (FDS) and flexor digitorum profundus (FDP) (Figure 4.3.2-
1), as well as the 12 phalange bones which comprise digits two through four (Figure 4.3.2-2), 
were extruded from MIMICS in a similar process as described in chapter 3. A routing element 
for the tendons was also extruded from MIMICS; it represented the point at which the individual 
tendons of the FDS and the FDP began to “fan out” to their respective digits. Before exportation 
to stereolithographic (STL) files, each of the solid bodies representing the phalange bones was 
run through the 3D CAD software 3MATIC (Materialise, Ann Arbor, MI) in order to extrapolate 
the long axis of the phalange bodies (Figure 4.3.2-3), as well as the rotational axes of the 
metacarpophalangeal (MP) and interphalangeal (IP) joints (Figure 4.3.2-3). The long axes were 
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fit using a best fit tool within 3MATIC, which uses an algorithm to find the long axis of a solid 
body. The rotational axes were fit by using the “fit cylinder” tool within 3MATIC. This tool was 
used to fit cylinders to the heads of the metacarpals, proximal phalanges, and middle phalanges, 
the long axes of these cylinders was then used as the rotational axes for the MP and IP joints.  
Once STLs were created from the MIMICS 3D bodies, they were brought into the SolidWorks 
design space and incorporated into the wrist model assembly. In order to ensure that these solid 
bodies were placed in their correct anatomic positions each individual phalange bone, as well as 
the FDS and FDP tendons, was fixed to the radius to match its coordinate axes.  
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Figure 4.3.2-1: Extruded solid bodies of the flexor digitorum superficialis (FDS) and flexor 
digitorum profundus (FDP) tendons, as well as the routing element for the tendons. 
Routing 
Element 
Extruded FDS 
and FDP 
tendons 
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Figure 4.3.2-2: Extruded solid bodies of the 12 phalange bones of digits 2-4. 
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Figure 4.3.2-3: Left: Long axes of the metacarpal, proximal phalange, middle phalange, and 
distal phalange of the second digit defined within the model. Right: Rotational axes of the 
metacarpophalangeal (MP) and interphalangeal (IP) joints of the second digit defined within the 
model. (Other phalanges hidden for clarity) 
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Defining the Metacarpophalangeal and Interphalangeal Joints within the Model 
 Once all the phalange and tendon solid bodies were properly mated to the assembly, the 
interaction of the MP and IP joints was defined within the SolidWorks Motion design space. As 
mentioned in chapter 2, the interphalangeal joints are nearly idealized hinge joints [47] and were 
therefore modeled as hinge joints within the wrist model. This was simulated within the model 
by fixing the movement of the middle and distal phalange bones to the rotational axis of the head 
of the proximal and middle phalange bones, respectively. By creating these mates within the 
SolidWorks Motion design space, the middle and distal phalange bones could only move as 
hinges around these axes (Figure 4.3.2-4). To ensure that physiologic motion was maintained at 
these joints; angle mates were also assigned between the long axes of each of the phalange 
bones. These mates limited motion so that no extension could occur at the IP joints. They also 
acted to limit flexion based on the max physiologic flexion experienced at the IP joints [52].  For 
the distal IP joint the max flexion was set to 80°; the proximal IP joint’s max flexion was set to 
100°.  
 The MP joints are condyloid joints and can experience not only flexion and extension, 
but abduction and adduction as well. For the purposes of this study the abduction and adduction 
of the MP joints was not modeled in order to improve computational time. This left only the 
flexion and extension arc of the MP joints. An idealized hinge joint was chosen to model this 
interaction due to the improved computational time and lack of need for contact forces at this 
joint. Similar to the IP joints, the movement of the proximal phalanges was fixed around the 
rotational axis of the head of the metacarpals (Figure 4.3.2-4). The long axes of the proximal 
phalanges and metacarpals were all defined and limit angle mates were set such that extension 
could not occur and flexion was limited to 90° [52]. 
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Figure 4.3.2-4: Demonstrated hinge action of metacarpophalangeal (MP) and interphalangeal 
(IP) joints of the second digit within the wrist model (Other phalanges hidden for clarity). 
 
Incorporating the Muscle Forces of the Flexor Digitorum Superficialis and Flexor 
Digitorum Profundus Tendons 
Similar to muscles described previously, each of the eight tendons of FDS and FDP were 
modeled using a collection of constant force vectors. The FDS was modeled as 20 different 
constant force vectors; four force vectors represented each of the four FDS tendons (Figure 
4.3.2-5). The first set of four vectors simulate the flexion force of the FDS tendons across the 
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carpal bones. The second set of four vectors mimic the flexion of the FDS tendons across the MP 
joints. The third and final set of eight vectors acts over the proximal IP joint. Here two vectors 
represent each of the FDS tendons to mimic their broad insertions along the anterior margins of 
the middle phalanges. The FDP was also modeled as 20 different constant force vectors; again, 
four force vectors represented each of the four FDP tendons (Figure 4.3.2-6). Like the FDS the 
first two sets of four force vectors simulate the flexion force of the FDP tendons across the carpal 
bones. The last two sets of force vectors simulate the force of the FDP tendons across the 
proximal and distal interphalangeal joints leading to their final insertions along the base of the 
distal phalanges. 
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Figure 4.3.2-5: Simulated flexor digitorum superficialis (FDS) tendon action using 20 force 
vectors within the model (attachment points are shown in light blue). Left: Proximal palmar 
view, Right: Distal palmar view. 
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Figure 4.3.2-6: Simulated flexor digitorum profundus (FDP) tendon action using 20 force 
vectors within the model (attachment points are shown in light blue). Left: Proximal palmar 
view, Right: Distal palmar view. 
 
In the original experimental study, the eight finger flexor tendons were sutured together 
and mounted with a 20 lb weight. This was calculated to be a total force of 88.96 N, or 11.12 N 
per a tendon. This was simulated within the wrist model by setting the values of each of the four 
force vectors representing one tendon to be equivalent to each other. For the FDP all 20 force 
vectors were set to a value of 11.12 N, which simulated a total force of 44.48 N. The FDS was 
modeled similarly, but the final two vectors which represented its insertions onto the anterior 
margins of the middle phalange were each set to half that value, 5.56 N. Similarly though, the 
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total force along these tendons was 44.48 N. Therefore the total force along the tendons was 
equivalent to 88.96 N, or 20 lbs. 
Fixing the Wrist in 20° of Extension 
The final aspect of the fist motion that was modeled was the fixation of the third 
metacarpal in 20° of extension. Individual coordinate axes of all the solid bodies within the 
model were marked and the ECU, ECRB, and ECRL, were loaded as described previously. The 
model was allowed to run until reaching 20° extension. At this point, within the extension 
simulation, the positions of each of the individual coordinate axes were marked. The initial 
positions of the solid bodies within the fist motion simulation were then set to these new values. 
The long axis of the third metacarpal was then mated to be parallel to a plane orthogonal to the 
coronal plane of the model and mimicked the 20° of extension of the model. This allowed the 
20° of extension of the model to be maintained, while still allowing the other solid bodies of the 
model to move freely according to movement induced by muscle forces, ligament forces, and 
contact forces. 
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Figure 4.3.2-7: Fixation of the long axis of the third metacarpal to a plane representing 20° of 
extension within the SolidWorks Motion space. 
 
4.3.3 Modeling of the Intact, Cut, and MBT Wrist States 
 
 In the experimental study done by Pollock et al [81] four wrist states were tested: intact, 
cut, MBT repair, and BC repair. As mentioned previously, the BC surgical repair was not 
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modeled, leaving only the intact, cut, and MBT repair states. No surgical alterations were 
performed on cadavers in the intact state. This was replicated in the model by including all 
structures mentioned in chapter 3, as well as all of the structures mentioned previously for fist 
motion. The cut state was surgically created by excising the scapholunate (SL) and 
radioscaphocapitate (RSC) ligaments. To replicate this within the model the spring elements 
representing the SL, radioscaphoid (RS), and radiocapitate (RC) ligaments were suppressed 
along with their associated damper elements. When an object is suppressed within the 
SolidWorks Motion space the model behaves as if those elements are not part of the model. This 
effectively disallowed the SL, RS, and RC spring elements from applying any tensile forces due 
to length changes between insertion points, recreating SL instability within the model. 
 The MBT state was recreated using the cut state model. The SL, RS, and RC ligaments 
remained suppressed. In the experimental study the MBT surgical repair was produced by 
weaving a piece of the FCR tendon through a tunnel on the volar scaphoid surface and out the 
distal scaphoid pole. The tendon was then wrapped around the dorsal radiocarpal (DRC) 
ligament and attached to the dorsal aspect of the lunate. This procedure was replicated in the 
model through the addition of three new spring elements. The first spring element had 
attachments at proximal base of the second metacarpal and the volar surface of the scaphoid 
(Figure 4.3.3-1). Named the MBT volar scaphoid, this spring element replicated the tethering 
effect of the volar scaphoid to the second metacarpal. A second spring element attached the 
dorsal scaphoid surface to the DRC ligament (Figure 4.3.3-2). This attachment was achieved by 
creating a small 3D body at the midpoint of the DRC ligament. Attached to either side of the 3D 
body were two spring elements representing the triquetral attachments of the DRC ligament; they 
behaved identical to the spring elements representing the DRC ligament in previous model 
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setups (Figure 4.3.3-3). Due to the nature of modeling the MBT in this way, it was assumed that 
the pulley created by wrapping the FCR tendon around the DRC ligament is an ideal frictionless 
pulley.  This second spring element was named the MBT dorsal scaphoid and replicated the 
tethering of the dorsal scaphoid surface to the DRC ligament. Finally, a third spring element was 
attached from the DRC ligament to the dorsal surface of the lunate at the attachment site of the 
dorsal scapholunate ligament (Figure 4.3.3-4). Named the MBT dorsal lunate, this spring 
element replicated the tethering of the dorsal lunate to the DRC ligament. The tunnel of the MBT 
procedure was not modeled to reduce computational time. It was also assumed that the tension of 
the FCR tendon would remain constant throughout; therefore, the three spring element vectors 
would be sufficient.  
 
 
Figure 4.3.3-1: Simulation of the modified Brunelli technique tethering of the volar scaphoid to 
the proximal second metacarpal (attachment points shown in light blue). 
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Figure 4.3.3-2: Simulation of the modified Brunelli technique tethering of the dorsal scaphoid to 
the dorsal radiocarpal (DRC) ligament (attachment points shown in light blue). Tethering to the 
DRC was achieved by means of a routing element represented here as the “H” body above the 
dorsal lunate. 
 
 
Figure 4.3.3-3: Routing element (“H” body) used to attach the linear spring elements of the 
modified Brunelli technique to the dorsal radiocarpal (DRC) ligament. DRC ligament tethers are 
shown connecting at either end (attachment sites shown in light blue). 
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Figure 4.3.3-4: Simulation of the modified Brunelli technique tethering of the dorsal radiocarpal 
ligament to the dorsal lunate, specifically the attachment point of the dorsal scapholunate 
ligament (attachment points shown in light blue). Tethering to the DRC was achieved by means 
of a routing element represented here as the “H” body above the dorsal lunate. 
 
As before each of the spring elements was a tension only element governed by the 
FORTRAN code explained in chapter 3. Each spring element was also accompanied by a 
corresponding damper. The stiffness value for the MBT FCR tendon spring elements was 
extrapolated from material properties described within the literature [82][88]. Stiffness was 
calculated from modulus and cross-sectional area data; an upper bound was chosen giving a 
stiffness value for the FCR tendon of 54.154 N/mm. No in situ strain was modeled for the FCR 
tendon slip. After setup, each of the previously described motions was used to test the intact 
state, the cut state, and the MBT state. 
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4.4 Results 
 
 
 The experimental study performed by Pollock et al [81] reported three different 
measures: the scapholunate (SL) interval, radiolunate (RL) angle, and SL angle. These three 
measures were taken from 2D radiographs; the RL and SL angles were taken from lateral 
radiographs, and the SL interval was taken from PA radiographs. These measures were 
replicated within the model by creating 2D sketches on the planes representing the lateral and PA 
views. The SL interval was measured on a projected sagittal plane, representing a PA view 
(Figure 4.4-1). As mentioned previously this measure was defined as the distance between the 
midpoint of the lunate and the scaphoid. Unlike the experimental study there was no need for 
magnification correction when taking this measure as all measures were done directly in 
SolidWorks using the “dimension” tool. The RL and SL angles were measured on a projected 
coronal plane, representing a lateral view (Figure 4.4-2 and Figure 4.4-3). In the experimental 
study, the RL angle was defined as the angle between the medullary canal of the radius and a 
perpendicular line to the distal poles of the lunate, and the SL angle was defined as the angle 
between the volar surface of the scaphoid and a perpendicular line to the distal poles of the 
lunate. These definitions were maintained when making these measures within the model. For 
each setup these sketches were redrawn to ensure that appropriate points were selected to match 
the guidelines set forth by the Pollock et al [81] study. 
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Figure 4.4-1: Example of scapholunate interval measured by two-dimensional sketch on 
projected sagittal plane. Measurement is taken from the mid-point of the lunate to an adjacent 
point on the scaphoid connected by a horizontal line. 
 
 
 
Figure 4.4-2: Example of radiolunate angle measured by two-dimensional sketch on projected 
coronal plane. Angle is measured between the “L” and “R” lines (Carpal bones hidden for 
clarity). 
“L” line 
“R” line 
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Figure 4.4-3: Example of scapholunate angle measured by two-dimensional sketch on projected 
coronal plane. Angle is measured between the “S” and “L” lines. (Carpal bones hidden for 
clarity). 
 
 Once the sketches had been drawn the data was compiled for the SL interval, SL angle, 
and RL angle. These data sets were then compared to the data reported by the Pollock et al [81] 
study for accuracy, and trends were observed (Figure 4.4-4 through Figure 4.4-12). 
“L” line 
“S” line 
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Figure 4.4-4: Scapholunate (SL) intervals measured in the model and the Pollock et al study 
wrist for the intact, cut, and modified Brunelli technique (MBT) wrist states for flexion and 
extension [81]. 
 
Figure 4.4-5: Scapholunate (SL) intervals measured in the model and the Pollock et al study 
wrist for the intact, cut, and modified Brunelli technique (MBT) wrist states for ulnar and radial 
deviation [81]. 
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Figure 4.4-6: Scapholunate (SL) intervals measured in the model and the Pollock et al study 
wrist for the intact, cut, and modified Brunelli technique (MBT) wrist states for fist motion. 
Standard deviations displayed are: Fist – Intact: 2.90 ± 0.6 mm, Fist – Cut: 5.00 ± 0.3 mm, Fist 
– MBT: 2.60 ± 0.6 mm[81]. 
  
The model had good to excellent agreement with the Pollock et al [81] study, when used 
to predict SL interval. Percentage difference, between the model and experimental study, ranged 
from 0.2% for extension in the intact state, to 25.8% for ulnar deviation after MBT repair. SL 
interval followed a general trend where interval distance increased from the intact to cut wrist 
states and decreased from the cut to MBT wrist states. The largest percent increases from intact 
to cut were for flexion and fist motion; the model predicted a 59.2% and 57.4% increase 
respectively, whereas the Pollock et al [81] study saw a 73.5% and 72.4% increase respectively. 
Both the model and the experimental study predicted the smallest percent increase in SL interval, 
from intact to cut wrist states, to occur during extension; the model predicted a 32.1% increase 
and Pollock et al [81] saw a 13.9% increase. Percent decrease, from cut to MBT wrist states, was 
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greatest for fist motion; the model showed a decrease of 42.3%, while Pollock et al [81] saw a 
decrease of 48.0%. The smallest percent decrease in SL interval after MBT surgical repair 
occurred during radial deviation, for both the model and Pollock et al [81]; these values were a 
11.2% and 8.0% decrease, respectively. When compared to the standard deviations reported by 
Pollock et al [81], the model accurately predicted SL interval values for all except fist motion in 
the cut wrist state. Here the model was outside one standard deviation by 0.02 mm. 
  
 
Figure 4.4-7: Scapholunate (SL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for flexion and extension. 
Standard deviation displayed is: Flexion – MBT: 64.90 ± 4.90 ° [81]. 
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Figure 4.4-8: Scapholunate (SL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for ulnar and radial 
deviation [81]. 
 
Figure 4.4-9: Scapholunate (SL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for fist motion. Standard 
deviations displayed are: Fist – Intact: 54.80 ± 6.10°, Fist – Cut: 70.50 ± 3.40°, Fist – MBT: 
58.80 ± 3.10° [81]. 
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 Similar to the SL interval, the model was able to accurately predict the trends of the SL 
angle when compared to the Pollock et al [81] study. The only exception was for ulnar deviation 
from intact to cut wrist states; the model predicted a 7.6% decrease in SL angle, while Pollock et 
al [81] saw a 9.6% increase. Difference in magnitudes between the model and cadaver study 
ranged from a 1.0% percentage difference for fist motion after MBT repair, to 31.6% percentage 
difference for ulnar deviation in the cut wrist state. The model predicted the largest percent 
increase in SL angle for extension, an increase of 14.0% from intact to cut wrist state. 
Alternatively, the Pollock et al [81] study saw the largest percent increase from intact to cut wrist 
state in fist motion, an increase of 28.6%. Both the model and the Pollock et al [81] study saw 
the largest percent decrease in SL angle during fist motion from cut to MBT repair wrist states; a 
decrease of 6.4% and 16.6% respectively. When standard deviations were reported by Pollock et 
al [81], nearly all of the model predictions for SL angle were within one standard deviation of the 
Pollock et al [81] results. The model prediction for fist motion in the cut wrist state was outside 
of the standard deviation reported by Pollock et al [81] by 3.64°. 
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Figure 4.4-10: Radiolunate (RL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for flexion and extension 
[81]. 
 
Figure 4.4-11: Radiolunate (RL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for ulnar and radial 
deviation. Standard deviations displayed are: Radial – Intact: 4.00 ± 1.60°, Radial – Cut: 16.30 
± 7.10°, Radial – MBT: 9.20 ± 2.10° [81]. 
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Figure 4.4-12: Radiolunate (RL) angles measured in the model and the Pollock et al study wrist 
for the intact, cut, and modified Brunelli technique (MBT) wrist states for fist motion [81]. 
 
 For RL angle the model was able to accurately predict trends seen in the Pollock et al 
[81] study. The model struggled to accurately depict the magnitude of the RL angle in ulnar 
deviation; where percentage difference between the model and cadaver study for the intact, cut, 
and MBT wrist states, were 184.7%, 122.4%, and 158.1%, respectively. Barring the results of 
ulnar deviation, the model showed fairly good agreement when compared to the Pollock et al 
[81] results; percentage difference between the model and cadaver study ranged from 4.8% to 
88.5%. The general trend of the RL angle, for both the model and cadaver study, was an increase 
from intact to cut wrist states and a decrease from cut to MBT surgical repair states. 
Alternatively, extension saw an overall decrease of RL angle from intact, to cut, to MBT repair, 
and fist motion saw a decrease in RL angle from intact to cut and an increase from cut to MBT 
repair.  Both the model and the Pollock et al [81] study predicted very similar values for percent 
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increase and percent decrease; for example the model predicted a 113.2% increase for fist motion 
from intact to cut wrist states, while the cadaver study saw a 107.8% increase. The largest 
discrepancies were for radial deviation from intact to cut, model predicted a 750% increase and 
Pollock et al [81] saw a 50% increase, and ulnar deviation, model predicted a 93.1% increase and 
Pollock et al [81] saw a 307.5% increase. Unlike SL interval and SL angle, the model struggled 
to predict values for RL angle within the standard deviations reported by Pollock et al [81]. Both 
the intact and cut wrist states for radial deviation fell outside of the reported standard deviations 
by 4.75° and 5.00°, respectively. 
In summary, the model was able to accurately replicate the results of the Pollock et al 
[81] study. The measure that was most difficult to replicate was the magnitude of the RL angle. 
This is especially apparent for the ulnar deviation motion states. Ulnar deviation showed a fair 
amount of lunate extension in the Pollock et al [81] study, while the model predicted a relatively 
neutral lunate position. The model also showed a decrease in SL angle for ulnar deviation from 
the intact to cut wrist states, whereas the Pollock et al [81] study showed that this angle should 
increase. For nearly all the measures the model showed the MBT causing a return to normal 
intact kinematics, as did the Pollock et al [81] study. 
As mentioned previously in chapter 1, one of the benefits of computational modeling is 
its ability to investigate a various number of parameters that can be difficult to measure 
experimentally. Besides the measures described in the Pollock et al [81] model, two other 
measures were investigated for the intact, cut, and MBT wrist states, these were: range of motion 
and contact force across the radiocarpal joint (Figure 4.4-13 through Figure 4.4-18). 
Additionally, tensile force of the FCR tendon elements in the MBT surgical repair was also 
measured (Table 4.4-1). Range of motion was defined as the angle between the long axis of the 
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third metacarpal and long axis of the radius. For flexion and extension this angle was measured 
in the coronal plane, and for ulnar and radial deviation this angle was measured in the sagittal 
plane. Fist motion had no associated range of motion measures due to the third metacarpal being 
fixed at a constant 20° of extension. Contact force at the radiocarpal joint was defined as the 
contact forces between the scaphoid and radius, lunate and radius, and lunate and proximal 
TFCC. The TFCC was modeled as two solid bodies, as described in chapter 3, with the proximal 
portion sitting directly on the ulnar head. Due to this the lunate is unable to experience contact 
with the ulna within the model; therefore, the contact between the lunate and proximal TFCC 
was chosen to represent this interaction instead. SolidWorks defines contact forces as a point 
source at the centroid of a volume where two solid bodies overlap. Based on the stiffness 
parameters set for solid body contact within the SolidWorks motion space, contact force at any 
portion of the model simulation is relative to the amount of overlap experienced and the overall 
contact stiffness of the solid body material. For the purpose of this thesis, only the contact forces 
at the end of the simulation were reported as this represents the model after having reached a 
state of equilibrium. Finally, the tensile force reported for the three spring element segments of 
the MBT repair was based off of Equation 3.4.3-1. This tensile force was relative to the length 
change of each individual element and their defined stiffnesses. 
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Figure 4.4-13: Range of motion of the intact, cut, and modified Brunelli technique (MBT) wrist 
states for flexion, extension, ulnar deviation, and radial deviation. 
 
 The general trend of range of motion (ROM) was an increase from intact to cut wrist 
states, and a decrease from cut to MBT repair. The largest increase and decrease was seen in 
ulnar deviation, where the model predicted a 42.4% increase and a 21.7% decrease in ROM. 
Alternatively, the smallest increase and decrease was for flexion which only saw a 3.5% increase 
and a 3.5% decrease in ROM. The trend of the MBT repair was to bring ROM values back down 
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to their normal intact values. The percentage difference between the intact and final MBT repair 
ROMs were 0.1%, for flexion, 3.5%, for extension, 10.9%, for ulnar deviation, and 1.4%, for 
radial deviation. These values show restoration of normal model scapholunate kinematics, as 
well as normal overall wrist ROM and contact force across the radiocarpal joint, after mimicked 
model MBT repair. 
 
 
 
Figure 4.4-14: Contact forces calculated for flexion of the intact, cut, and modified Brunelli 
technique (MBT) wrist states. 
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Figure 4.4-15: Contact forces calculated for extension of the intact, cut, and modified Brunelli 
technique (MBT) wrist states. 
 
Figure 4.4-16: Contact forces calculated for ulnar deviation of the intact, cut, and modified 
Brunelli technique (MBT) wrist states. 
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Figure 4.4-17: Contact forces calculated for radial deviation of the intact, cut, and modified 
Brunelli technique (MBT) wrist states. 
 
 
Figure 4.4-18: Contact forces calculated for fist motion of the intact, cut, and modified Brunelli 
technique (MBT) wrist states. 
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 Overall the trend of the ROM values was to increase from the intact state to the cut state 
for each of the different types of motion. MBT surgical repair tended to reverse this increase 
bringing the ROM values closer to normal intact state values. After MBT repair the general trend 
of contact force across the radiocarpal joint was for ulnar side loading to increase across the 
ulnolunate articulation. For flexion, there was a marked increase of 238.6% in lunate contact 
force across the radiocarpal joint from intact to cut wrist states; MBT repair further increased 
lunate contact by 81.3%, while simultaneously reducing scaphoid contact by 7.5%, bringing the 
contact force closer to the normal intact value. Extension experienced an overall increase in 
scaphoid to radius contact force of 100.1% and an increase in lunate to TFCC contact force of 
50.3%, from the intact to MBT repair state. Ulnar and radial deviation both had increases in 
lunate to TFCC contact force from intact to final MBT repair; these increases were 36.4% and 
85.7% respectively. For radial deviation this was followed by a 24.3% de-loading of the 
scaphoid from intact to MBT repair. Fist motion overall experienced changes in contact from 
intact to cut wrist states, but these contact forces were brought back to normal intact values after 
MBT repair. The measured percentage difference for contact force in fist motion, between the 
intact and MBT wrist states, were: 0.9% for the scaphoid to radius, 3.8% for the lunate to radius, 
and 8.5% for the lunate to TFCC. These values show a good return to normal force distribution, 
for fist motion, across the radiocarpal joint after MBT repair. 
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 Volar Scaphoid (N) Dorsal Scaphoid (N) Dorsal Lunate (N) 
Flexion 0.00 10.56 10.89 
Extension 0.00 0.11 1.61 
Ulnar 0.00 14.74 7.96 
Radial 1.06 1.35 3.82 
Fist 0.00 6.33 8.91 
 
Table 4.4-1: Tensile forces generated in the three portions of the flexor carpi radialis (FCR) 
tendon slip, used in the modified Brunelli technique surgical repair state (forces displayed are in 
newtons). 
 
 The MBT repair tensile forces showed very little tension in the volar scaphoid section of 
the repair, with only radial developing any. Tension in the dorsal scaphoid and lunate sections 
were typically larger and showed the dorsal aspect of the repair to be more important in tethering 
of the scapholunate joint. Flexion and ulnar deviation, and fist motion showed the greatest 
development of tensile force in the in dorsal scaphoid and dorsal lunate segments. Alternatively, 
extension and radial deviation saw much smaller tensile forces in the dorsal scaphoid and dorsal 
lunate segments. These values most likely signify that the MBT is especially important for 
proper restoration of flexion, ulnar deviation, and fist motion wrist function. 
  
  
109 
 
 
Chapter 5: Comparison of the Modified Brunelli Technique to the Four 
Corner Fusion for Scapholunate Repair 
 
 
 
 
5.1 Overview 
 
 
 The modified Brunelli technique (MBT) is a soft tissue surgical repair that aims to restore 
the scapholunate joint to its normal biomechanical function and seeks to prevent further 
degradation leading to scapholunate advanced collapse (SLAC). Four corner fusion (FCF) is also 
a widely used surgical procedure to repair degradation of the wrist due and can be used to treat 
SLAC or scaphoid nonunion advanced collapse (SNAC). Unlike the MBT, FCF is not a soft 
tissue procedure, but rather combines the effects of an osteotomy and arthrodesis; in this regard, 
it is similar to the proximal row carpectomy (PRC). The procedure involves excision of the 
scaphoid and fusion of four of the carpal bones: the lunate, the triquetrum, the hamate, and the 
capitate [89] (Figure 5.1-1).  
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Figure 5.1-1: Illustration of four corner fusion surgical repair [90]. 
The scaphoid is typically fully extracted, but some partial extractions or non-extractions 
have been cited in the literature; however, range of motion seems to improve with excision of the 
scaphoid [91]. Once the scaphoid is excised the four bones for fusion can be fixed to each other 
through various methods, including dorsal locking plates or staples, although non-unions appear 
to be less likely with dorsal locking plates as opposed to other methods [92]. When compared to 
the PRC, FCF tends to allow for greater range of motion in the ulnar/radial deviation arc, as well 
as greater amounts of extension; compared to the MBT, FCF has a lower likelihood of failure but 
appears to decrease range of motion more drastically and increase contact force across the 
radiolunate joint [93]. This portion of the study was aimed to use the wrist model to evaluate the 
FCF and to compare it to data collected for the MBT and some previous data collected by Wayne 
& Mir [42] concerning the PRC. 
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5.2 Modeling of the Four Corner Fusion 
 
  
 In order to model the FCF procedure, and allow for comparison to the previous MBT 
model simulations, the parameters of the Pollock et al [81] study were mimicked again. As 
before, gravitational force was set to be downward along the long axis of the radius, and the 
radius and ulna were set to be fixed. The SLL, RC, and RS were all suppressed in order to mimic 
the scapholunate instability created in the Pollock et al [81] study. To simulate the 
scaphoidectomy of the FCF within the model the scaphoid was suppressed (Figure 5.2-1). Like 
suppression of the linear spring elements, suppression of a solid body within the model causes 
the model to behave as if the solid body is no longer a part of the model. Unlike suppression of 
the linear spring elements, suppression of a solid body causes suppression of all spring elements 
and force vectors associated with that body. By suppressing the scaphoid; the scaphocapitate 
(SC), scaphotrapeziotrapezoid (STT), portions of the dorsal intercarpal (DIC) ligament, and 
portions of the distal flexor retinaculum were simultaneously suppressed as well.  
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Figure 5.2-1: Simulated scaphoidectomy in the model by suppression of the scaphoid solid body. 
 
Once the scaphoidectomy had been properly replicated within the model fixation of the 
lunate, triquetrum, hamate, and capitate was achieved through “fix” mates between the four 
bones. These fix mates disallowed movement between the four bones, but allowed the bones to 
move as one solid unit. While this did not suppress any of the linear spring ligaments connecting 
these bones, it did essentially make them nonfunctional. Clinically, it is possible that even after 
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FCF non-union of these four bones could lead to movement between them; however, this aspect 
was not included in the modeling of the FCF, and union of the four bones was assumed. 
 
 
 
 
Figure 5.2-2: Fusion was simulated between lunate, triquetrum, capitate, and hamate 
(highlighted in dark blue) within the model using the “fix” mate. 
After modeling all aspects of the FCF procedure, the model was tested for the five 
previously mentioned types of motion: flexion, extension, ulnar deviation, radial deviation, and 
fist motion. The loading to achieve these motions was identical to the loading described in 
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chapter 4 for the Pollock et al [81] study. Three parameters were investigated to allow 
comparison to the MBT: overall range of motion, radiolunate angle, and contact force between 
the lunate and radiocarpal joint. Range of motion of the Wayne & Mir [42] PRC procedure was 
also included for further comparison. Although the muscle loading for the Wayne & Mir [42] 
PRC procedure was similar to the muscle loading of the FCF, the wrist itself was positioned 
horizontally as opposed to vertically, meaning gravity was applied differently than discussed in 
this thesis. Regardless, the Wayne & Mir [42] PRC data was included to attempt to show 
differences in the models predictions for two different bone resection procedures. 
 
5.3 Results 
 
 
 Values for range of motion, RL angle, and contact force were measured in the model as 
described in chapter 4. Range of motion was defined as the angle between the long axis of the 
third metacarpal and long axis of the radius in the coronal plane, for flexion and extension, and 
in the sagittal plane, for ulnar and radial deviation (Figure 5.3-1). Radiolunate angle was defined 
as the angle between the long axis of the radius and a line drawn perpendicular to the two distal 
poles of the lunate (Figure 5.3-2). Contact forces represent the contact force due to solid body 
contacts between the two mentioned solid bodies at the end time of the model simulation (Figure 
5.3-3 through 5.3-7). 
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Figure 5.3-1: Range of motion of the intact, four corner fusion (FCF), modified Brunelli 
technique (MBT), and Wayne & Mir proximal row carpectomy (PRC) wrist states for flexion, 
extension, ulnar deviation, and radial deviation [42]. 
 
 When compared to the MBT and intact wrist states, the FCF and PRC showed an overall 
decrease in wrist motion. Typically the FCF resulted in a greater decrease in wrist motion when 
compared to the PRC procedure. The FCF showed a 45.0%, 69.0%, 47.8%, and 37.5% decrease 
in flexion, extension, ulnar deviation, and radial deviation when compared to the intact wrist 
values. Additionally, the PRC showed a 37.4%, 12.3%, 30.8%, and 24.7% decrease in flexion, 
extension, ulnar deviation, and radial deviation when compared to the same intact values. While 
the resultant motion was comparable between the FCF and PRC for flexion, ulnar deviation, and 
radial deviation; the model predicted a better range of extension after PRC procedure when 
compared to the FCF. 
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Figure 5.3-2: Radiolunate angles measured for the intact, four corner fusion (FCF), and 
modified Brunelli technique (MBT) wrist states for flexion, extension, ulnar deviation, radial 
deviation, and fist motion. 
 
 Values measured for the RL angle were very similar between the intact, MBT, and FCF 
wrist states; indicating a good return to normal RL mechanics after both surgical repairs. The 
percentage difference between the MBT and normal intact values ranged from 4.5%, for fist 
motion, to 105.1%, for ulnar deviation; although the value for ulnar deviation was skewed due to 
the relatively small angle measured in the intact state, as the true difference was 2.26°. The FCF 
percentage difference, when compared to the normal intact values, ranged from 3.5%, for fist 
motion, to 61.9%, for radial deviation; again this value was skewed due to the small intact value, 
the actual difference was 4.89°. FCF repair was shown to result in overcompensation for flexion 
and extension, resulting in a small amount of excessive lunate flexion/extension. 
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Figure 5.3-3: Contact forces calculated for flexion of the intact, four corner fusion (FCF), and 
modified Brunelli technique (MBT) wrist states. 
 
 
 
Figure 5.3-4: Contact forces calculated for extension of the intact, four corner fusion (FCF), and 
modified Brunelli technique (MBT) wrist states. 
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Figure 5.3-5: Contact forces calculated for ulnar deviation of the intact, four corner fusion 
(FCF), and modified Brunelli technique (MBT) wrist states. 
 
 
Figure 5.3-6: Contact forces calculated for radial deviation of the intact, four corner fusion 
(FCF), and modified Brunelli technique (MBT) wrist states. 
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Figure 5.3-7: Contact forces calculated for fist motion of the intact, four corner fusion (FCF), 
and modified Brunelli technique (MBT) wrist states. 
 
 As expected the FCF resulted in an increase in lunate loading when compared to the 
intact state for all motions, except ulnar deviation; which saw no lunate loading, causing the 
triquetrum to experience loading totaling 58.82 N. Both the MBT and FCF followed similar 
trends of increased lunate loading, with larger increases due to FCF repair. In flexion and radial 
deviation, the FCF repair increased lunate to TFCC contact force approximately 3 times more 
than MBT repair. A similar response was seen in extension, where the FCF increased lunate to 
TFCC contact force approximately 4 times more than MBT repair. In fist motion FCF repair saw 
a large increase of 133.5% in lunate to radius loading, followed by a corresponding decrease of 
21.6% in lunate to TFCC loading. MBT repair saw similar trends but at a much smaller 
magnitude, an increase of 3.9% and a decrease of 8.2% respectively. 
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Overall, as expected, range of motion of the FCF and PRC surgical repairs was less than 
that of the intact and MBT states; the FCF experienced slightly less motion than the Wayne & 
Mir [42] PRC study. Radiolunate angle was shown to be well repaired by both the FCF and MBT 
surgical repairs with both returning RL function close to normal intact values. Finally, as 
expected, the FCF greatly increased loading in the lunate, as represented by the large increases in 
lunate contact force for all motions when compared to the intact and MBT values. 
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Chapter 6: Discussion 
 
 
 This thesis utilized a three-dimensional (3D) rigid body computational model of the wrist 
to study the mechanic function of the wrist, and more specifically the scapholunate (SL) joint. 
The model used in this thesis was an enhanced version of a previous 3D model developed by 
Wayne & Mir [42], with additional elements added or modified, as described in chapter 3, to 
allow the Wayne & Mir [42] model to better represent true wrist anatomical function. In 
addition, the Wayne & Mir [42] model was altered to allow loading to achieve fist motion, along 
with flexion, extension, ulnar deviation, and radial deviation. After formulation of the model was 
complete, it was then used to replicate an experimental study as described in chapter 4. Model 
function was completely dependent upon the 3D bony anatomy, ligamentous and soft tissue 
restraints, and muscle loading and other external perturbations used to compare the modified 
Brunelli technique (MBT) to the four corner fusion (FCF) surgical procedure as described in 
chapter 5. Data was collected concerning the SL interval, SL angle, radiolunate (RL) angle, 
range of motion of the wrist, contact force across the radiocarpal joint, and tension within the 
MBT tendon reconstruction. This data was used to validate the model against the Pollock et al 
[81] study, described in chapter 4, and observe trends in the data to better understand wrist and 
SL joint kinematics. 
 Previously, Wayne & Mir [42] had validated the model for range of motion of the normal 
intact and surgically corrected wrist via a proximal row carpectomy (PRC) procedure in the four 
major motions. The modified version of the Wayne & Mir [42] model, utilized in this thesis, was 
able to accurately display behavior of the SL interval, SL angle, and RL angle; in the intact, cut, 
and MBT wrist states, for nearly all of the five motions: flexion, extension, ulnar deviation, 
radial, deviation, and fist motion. While both the model and Pollock et al [81] study showed 
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similar values for SL interval in the cut wrist state with values from 2-5 mm, it should be noted 
that clinically this interval would be much larger, 5 mm or greater [101]. It is possible that some 
soft tissue structure incorporated into the model was left intact during SLL excision in the 
Pollock et al [81] study. This would explain why both the Pollock et al [81] study and model 
showed less instability at the SL joint after SLL excision than what is experienced clinically.  
Differences in trends were observed for the SL angle during ulnar deviation and RL angle during 
extension. In ulnar deviation the model predicted a trend of decreasing SL angle from intact to 
cut (7.6%) and from cut to MBT (3.0%) wrist states; whereas the Pollock et al [81] study saw an 
increase in SL angle from the intact to cut (9.6%) and a decrease from cut to MBT (5.5%) wrist 
states. Pollock et al [81] saw an overall decrease in RL angle during extension from intact to cut 
(3.3%) and from cut to MBT (7.3%) wrist states; alternatively, the model predicted a decrease 
from intact to cut (5.6%), and remained roughly the same from cut to MBT (increase of 0.1%) 
wrist states.  
Additionally, the model struggled to accurately represent the magnitude of the RL angle for 
ulnar deviation. This was depicted by percentage differences between the model predictions and 
Pollock et al [81] measures for the intact, cut, and MBT wrist states of: 184.7%, 122.4%, and 
158.1%, respectively. In ulnar deviation the Pollock et al [81] study saw a fair degree of lunate 
extension, which corresponded with a large RL angle. This lunate extension was not observed in 
the computer model which predicted similar changes from intact, to cut, to MBT wrist states as 
the Pollock et al [81] study, but with a relatively neutral lunate position. Qualitatively, this can 
be attributed to a small amount of flexion experienced by the model, specifically the third 
metacarpal, during ulnar deviation. This flexion was most likely not present during the Pollock et 
al [81] study, as the amount of lunate extension reported would correspond with a relatively 
123 
 
 
neutral or extended capitate and third metacarpal position. However, it is possible that disruption 
of the dorsal capsule and associated dorsal carpal ligaments, during creation of SL instability in 
the Pollock et al [81] model, could have attributed to this discrepancy. If these ligaments were 
compromised in the Pollock et al [81] study, lunate extension could be observed alongside a 
neutral or flexed capitate and third metacarpal position. This would not be seen in the computer 
model, as no damage to the dorsal capsule or dorsal carpal ligaments was modeled.  
The RL angle measured by the computer model for radial deviation of the intact, cut, and 
MBT wrist states was fairly representative of the RL angle values measured by Pollock et al 
[81]. Percentage difference between the Pollock et al [81] study and wrist model were 88.5%, 
20.3%, and 58.2%, for the intact, cut, and MBT wrist states. Although trends and magnitudes of 
the RL angle in radial deviation were fairly close between the model and Pollock et al [81] study, 
the model’s predictions of the RL angle for the intact and MBT wrist states did fall just outside 
of the standard deviations reported by Pollock et al [81] in radial deviation. For the intact state, 
this is possibly a result of contact forces between the lunate and solid bodies representing the 
proximal dorsal capsular structures. In vivo these structures do not behave as solid bodies; and 
while the solid bodies utilized to represent them do appear to help mimic their stabilizing nature, 
the contact parameters could be limiting movement of some of the carpal bones during various 
motions. For the MBT wrist state, this discrepancy could also arise from a number of 
assumptions made in order to model the MBT surgical repair within the model. As mentioned in 
chapter 4, in order to model the MBT surgical repair, the flexor carpi radialis (FCR) tendon 
weave through the scaphoid and lunate was represented as 3 different tensile spring elements. 
The first represented the tethering of the volar scaphoid to the second metacarpal, the second 
represented the tethering of the dorsal scaphoid to the dorsal radiocarpal (DRC) ligament, and 
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the third represented the tethering of the dorsal lunate to the DRC ligament. All of these tensile 
elements were assigned the same stiffness value. This modeling approach assumed three things: 
first, it did not attempt to model any in situ strain experienced by stretching of the tendon to 
weave through the carpal bones; second, it assumed a constant tension throughout all segments 
of the MBT tendon weave; third, it assumed the wrapping of the FCR tendon around the DRC 
ligament is an ideal frictionless pulley. There was also no attempt to model the passing of the 
tendon through tunnel connecting the volar and dorsal surfaces of the scaphoid. While these 
assumptions appear to have allowed to the model to accurately represent the MBT for the other 
measures of the Pollock et al [81] study, it is possible that the discrepancy between the ulnar and 
radial RL angles for the MBT wrist state were affected by these assumptions. No experimental 
data exists to model the weave in a different fashion than already performed, without 
significantly increasing computational power required. 
 As mentioned in chapter 1, a major benefit of computational modeling is the ability to 
easily investigate a number of different measures. Beyond the measurements made in the Pollock 
et al [81] study, the model was used to investigate: range of motion (ROM), contact force across 
the radiocarpal joint, and tensile forces in the MBT tendon weave. While these values are not 
compared to any experimental values, they can still provide greater insight into the kinematics of 
the wrist. ROM was measured as the angle between the long axis of the third metacarpal and 
medullary canal of the radius; this measure is described in more detail in chapter 4. Overall a 
trend was observed of increasing ROM from intact to cut wrist states, with ROM returning close 
to normal intact values after simulated MBT surgical repair. The percentage differences 
measured between the normal intact ROM values and final MBT repair were 0.1% for flexion, 
3.6% for extension, 10.9% for ulnar deviation, and 1.4% for radial deviation. Clinically, ROM is 
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not increased in scapholunate advanced collapse (SLAC) or scaphoid non-union advanced 
collapse (SNAC). These disease states result in osteoarthritis of the wrist which leads to 
increased pain and stiffness, and eventually, a decrease in wrist function [49][94]. As reported by 
Bisneto et al, SLAC and SNAC result in a decrease of approximately 34° in the flexion-
extension arc and 8° in the ulnar-radial arc, when compared to the contralateral wrist [93]. While 
clinically an increase of ROM due to SLAC or SNAC would not be seen, the model shows this 
due to a general decrease in wrist stability due to suppression of the SL ligament. Factors, such 
as scar tissue and tissue healing, are not modeled and would greatly influence the motion 
achieved in SLAC or SNAC wrists.  
The decrease in range of motion from the cut to MBT wrist states shows a restoration of 
intact wrist kinematics. This trend shows that the MBT was successful in recreating the tethering 
effects of the SL ligament in all wrist motions. As with the cut state, clinically the MBT would 
result in a decrease in ROM when compared to the normal intact wrist [84]. Clinically motion 
achieved after MBT surgical repair is approximately 45° of flexion, 55° of extension, 21° of 
ulnar deviation, and 13° of radial deviation [84]. As with the cut state, aspects such as scar tissue 
and healing are not modeled and can play a significant role in overall wrist function. The 
assumptions of the MBT, as previously described in this chapter, also had an effect on the final 
outcome of the MBT. Most prominently, the lack of in situ strain modeled in the MBT suggests 
that the tensile forces of the tendon weave in the model are lower than what would be 
experienced clinically. These increased tensile forces would likely reduce movement of the 
scaphoid and lunate further, decreasing overall range of motion. While the model does not 
accurately represent true MBT clinical outcomes for ROM, the decrease of ROM towards intact 
wrist state values shows a general return to normal wrist kinematics. 
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Contact force across the radiocarpal joint was the next measure that was investigated 
using the model. The values for contact force represent the values calculated by SolidWorks as 
defined by the solid body contact parameters described in chapters 3 and 4. These values 
represent a repelling force applied at the centroid of the overlap experienced by two solid bodies 
at the end of each simulation. For the purposes of this thesis, only force between the scaphoid 
and radius, lunate and radius, and lunate and proximal triangular fibrocartilage complex (TFCC) 
were measured.  
Flexion experienced little to no contact force between the lunate and radius, and only 
force between the scaphoid and radius, and lunate and proximal TFCC. The contact force 
between the scaphoid and radius increased from intact to cut wrist states, 54.9%, and decreased 
after MBT repair, 7.5%. In the cut wrist state, the increase in contact force between the scaphoid 
and radius possibly signifies an increase in risk for osteoarthritic damage. The decrease of the 
contact force after MBT repair shows a return to normal scaphoid kinematics, and a likely 
decrease in osteoarthritic risks. Of course, contact area would need to be considered as it 
influences contact pressures which are not fully captured by contact force. Contact force between 
the lunate and proximal TFCC increased from intact to cut, 238.6%, and from cut to MBT repair 
wrist states, 81.3%. For both the scaphoid to radius and lunate to proximal TFCC contact forces 
the final MBT repair resulted in an increase from the intact values, 43.4% and 513.8% 
respectively. MBT surgical repair replaces the lunate’s tether to the scaphoid with a more ulnar 
tether, the DRC ligament. This is represented in the model by an increase of lunate to proximal 
TFCC contact force after MBT surgical repair. Although clinically this may not hold true as the 
tendon weave acts as one long tether, possibly allowing the lunate ulnar loading to remain 
unchanged. While in the model the MBT is represented as three separate spring elements, 
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therefore the dorsal lunate element can achieve tension, and a subsequent increase in lunate ulnar 
loading, regardless of the tension experienced by the dorsal and volar scaphoid elements. 
Extension, like flexion, saw no contact force between the lunate and radius. Contact force 
between the scaphoid and radius, was zero for the wrist in the cut state. The MBT surgical repair 
did restore contact between the scaphoid and radius, but the value was much larger than the 
contact experienced by the wrist in the intact state, a 100.1% increase. The MBT only creates 
two tethers for the scaphoid, volar and dorsal, which is amplified within the model by using only 
two spring elements to replace the 6 spring elements representing the suppressed SL and 
radioscaphoid (RS) ligaments. The increase in contact force for the MBT wrist state likely shows 
some instability of the scapholunate joint still remains. The lunate to proximal TFCC contact 
force was restored after MBT surgical repair. Like the other motions though, the contact force 
was still greater than the contact force experienced in the intact wrist state, a 50.3% increase 
from the normal intact value. 
Ulnar deviation only experienced contact force between the lunate and proximal TFCC. 
From intact to cut wrist states there was a decrease in contact force, 45.1%, followed by an 
increase in contact force from cut to MBT wrist states, 148.7%. The loading shifted from lunate 
to triquetrum in the cut wrist, most likely due to the increased range of motion. The triquetrum 
experienced 36.98 N of contact force with the proximal TFCC in the intact wrist, which 
increased to 55.18 N of contact force in the cut wrist state. The MBT was able to stabilize the 
wrist as represented by the decrease in ROM from cut to MBT wrist states in ulnar deviation. 
Although the value was higher than that of the intact state, a 36.4% increase, the increased 
contact force between the lunate and proximal TFCC after MBT repair represents a return to 
normal wrist kinematics. While the contact force between the lunate and proximal TFCC was 
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similar, but higher, in the MBT state than in the intact state, it is possible the tethering of the 
lunate to the DRC ligament caused this increase in lunate loading. 
Radial deviation saw a decrease in contact force between the scaphoid and radius from 
intact to cut, 17.7%, and from cut to MBT wrist states, 7.9%. This followed an opposite increase 
in contact force between the lunate and proximal TFCC from intact to cut, 69.0%, and from cut 
to MBT wrist states, 9.9%. There was no measured contact force between the lunate and radius. 
It appears that as loading of the scaphoid decreased, the load across the radiocarpal joint was 
transferred to the lunate. This is indicative of the MBT changing the loading across the 
radiocarpal joint during radial deviation, where the scaphoid load is decreased and the lunate 
compensates by increasing its load share. 
Fist motion experienced large contact forces at the radiocarpal joint, likely due to the 
increase in axial loading by fixation of the third metacarpal to 20° of extension. Scaphoid to 
radius contact force remained roughly the same for all three wrist states, and appeared to be 
unaffected by SLAC/SNAC and MBT surgical repair. When the cut state was modeled, lunate 
loading across the radius increased by 5.0%, while lunate loading across the proximal TFCC 
decreased by 12.1%. After MBT repair, these trends were reversed and contact force values for 
the lunate, radius, and proximal TFCC returned to nearly normal intact values. This trend shows 
a restoration of lunate kinematics by MBT surgical repair for the fist motion. 
The final measures investigated were the tensile forces generated for the three spring 
elements used to model the MBT. These values showed that the tensile element connecting the 
volar scaphoid to the proximal base of the second metacarpal generated very little to no tension 
in all wrist motions. However, the tensile elements representing the dorsal tethering of the 
scaphoid and lunate experienced tension in all wrist motions, with flexion, ulnar deviation, and 
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fist motion generating the most tension in these elements. When compared to material data of the 
FCR tendon it does not appear that the tension experienced by the FCR as reported by the model 
is large enough to cause failure [88]. Clinically, MBT procedures typically do not fail until after 
the 3 year mark as reported by Links et al [84]. Failure is defined as a return to preoperative 
scapholunate kinematics, typically the result of FCR tendon stretching and, in rare cases, 
accompanying signs of degenerative osteoarthritis [95]. Tensile force is just one element and is 
not wholly represented in the model due to constraints. Wrapping of the FCR tendon was not 
modeled, nor was in situ strain, both of which could have contributed to greater stress 
experienced by the MBT tendon weave. As mentioned previously, the MBT procedure was 
modeled as three separate elements; therefore, the tensile force is not additive along the length of 
the modeled MBT procedure. Finally, friction of the tendon against the bone, healing of bones 
around the tendon, as well as cyclic loading of the tendon were not modeled and could be further 
factors that can affect the failure of the MBT surgical repair. 
 After modeling the Pollock et al [81] study the model was used to model the four corner 
fusion (FCF) surgical procedure. Similar measures to those of the Pollock et al [81] study were 
used, namely, ROM, RL angle, and contact force across the radiocarpal joint complex. For 
comparison, the FCF procedure was compared the intact wrist and MBT wrist values. 
Additionally, ROM of the PRC Wayne & Mir [42] model was also included, although loading of 
this model differed slightly as discussed in chapter 5. As expected, ROM of the FCF models 
greatly decreased from intact values. The FCF model predicted a decrease of 45.0% for flexion, 
69.0% for extension, 47.8% for ulnar deviation, and 37.5% for radial deviation. ROM predicted 
by the FCF model was also comparable to clinically reported values (Table 6-1), and showed that 
the model results were similar to anatomical expectations [93]. When compared to the Wayne & 
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Mir [42] PRC values, ROM was similar for all motions except extension. As reported by Bisneto 
et al, PRC and FCF surgical repairs result in similar ROM arcs, with PRC allowing for slightly 
more flexion and extension [93]. Overall, the model under predicted the amount of extension 
afforded after FCF surgery and over predicted the amount of flexion. Clinically an expected 
extension arc would be approximately 38° and flexion arc would be 27°, whereas the model 
predicted 14.67° and 42.66°respectively. While the MBT model showed a return to normal intact 
ROM values, as discussed previously, clinically this motion is approximately 45° of flexion, 55° 
of extension, 21° ulnar deviation, and 13° radial deviation. These values represent a 14°, 6°, 5°, 
and 5° decrease, respectively, in ROM from the intact state [84]. As with the FCF, the MBT does 
reduce ROM clinically relative to the intact wrist, but to a lesser extent. Reasons why the MBT 
model did not show a significant decrease in ROM when compared to the intact wrist state were 
discussed previously in this chapter; namely, the difficulties modeling a soft tissue procedure 
within a rigid body model (RBM) and the lack of experimental data to serve as control 
parameters for the model (i.e. in situ strain and the function of the tendon pulley created). It is 
also of note that there is significant failure risk associated with the MBT, while the FCF 
nonunion rate is lower [84][96]. 
 Range of Motion (°), Bisnteo et al Range of Motion (°), Model 
Flexion 27 42.66 
Extension 38 14.67 
Ulnar Deviation 18 18.85 
Radial Deviation 11 12.45 
 
Table 6-1: Differences in range of motion as reported clinically, to what was predicted by the 
wrist model. 
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 The RL angle of the FCF was measured identical to the RL angle of the intact and MBT 
wrist models. When compared to the intact RL angle values, both the MBT and FCF were able to 
restore proper RL function. The greater flexion and extension experienced by the lunate in the 
FCF model, during flexion and extension wrist motions, is most likely due to fixation with the 
capitate. As described in chapter 3, the capitate is fixed with the third metacarpal within the 
model. Therefore, the lunate flexion/extension arc roughly follows the flexion/extension arc of 
the wrist. Discrepancies between the RL angle and flexion/extension ROM in the FCF model 
indicate a neutral position of the FCF model with the lunate extended. Extension of the lunate 
during fixation of the carpal bones in FCF surgical repair can cause a decrease in the amount of 
overall wrist extension achieved after surgery [90]. It is probable that the extension of the lunate 
in the neutral wrist position of the FCF model could have contributed to the under predicted wrist 
extension, and differing RL angles. 
 Contact forces were measured identical to those measured in the Pollock et al [81] study. 
Scaphoid to radius contact force was nonexistent due to suppression of the scaphoid to mimic the 
scaphoidectomy of the FCF; therefore, only lunate to radius, and lunate to proximal TFCC 
contact forces were reported. As expected, when compared to the intact and MBT wrist states, a 
general increase in lunate loading was measured for the FCF surgical repair models in nearly all 
wrist motions. Contact force did not increase for the FCF model in ulnar deviation; both lunate to 
radius, and lunate to proximal TFCC contact forces were 0 N. In ulnar deviation, the load was 
transferred instead to the triquetrum; contact force between the triquetrum and TFCC was 
measured at 58.82 N. Had ulnar deviation ROM been less, contact force between the lunate and 
proximal TFCC would likely be observed. Fist motion also saw a decrease in lunate to proximal 
TFCC contact force of 21.6%, but a large increase in lunate to scaphoid contact force of 133.5%. 
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Lunate loading was increased, but the model showed a large shift in loading of the lunate from 
its ulnar to radial articulating surface. 
 While these results show that the model was capable of providing results similar to those 
observed in the Pollock et al [81] study, the model’s ability to predict carpal kinematics is 
limited by a number of factors. Firstly, the models results only represent that from a single wrist, 
whereas in the Pollock et al [81] values were given for each measure across several specimens. 
The model was able to find similar values within these ranges giving insight to scapholunate 
kinematics, but it cannot be generalized to all patients due to the inherent variable nature of the 
body. In order to investigate these kinematic differences from patient to patient, a set of patient 
specific kinematic models would need to be developed. Secondly, the model is limited due to its 
inability to predict certain measures during ulnar deviation. It has been suggested that there is an 
inherent screw-like behavior between the hamate and triquetrum during ulnar deviation that 
influences the movement of the lunate through this motion. Due to the nature of the model, it 
does not limit or dictate motion between any two bones. It is possible that some soft tissue 
structures, beyond those represented in the model, help facilitate this movement between the 
triquetrum and hamate and therefore their absence in turn affected the movement of the lunate 
during ulnar deviation. These intricate behaviors between individual bones warrant more 
investigation as it is possible the model could be improved by implementing their functions. 
Finally, the model is limited by its inability to fully represent articular cartilage. Within a 
parametric computational model, articular cartilage is inherently difficult to represent due to its 
viscoelastic nature. It is probable that the absence of articular cartilage in the model has some 
effect on the behavior of the bones when in contact with each other. Other rigid body models of 
the wrist have investigated the wrist kinematics utilizing algorithms to represent articular 
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cartilage [100]. These models utilized projections of the cartilage layer, not magnetic resonance 
imaging (MRI), meaning they cannot say with certainty whether they accurately depicted 
variations of the cartilage over the surface of each bone. While no method to model articular 
cartilage has been provided in this thesis, this topic warrants further investigation to improve 
computational modeling of all joint systems. 
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Chapter 7: Conclusion 
 
 
 This thesis utilized a three-dimensional (3D) computational wrist model to accurately 
replicate wrist kinematics, and more specifically, scapholunate kinematics. The model was 
defined as a rigid body model (RBM) where bones and certain soft tissue structures were 
represented as rigid solid bodies. Motion of the model was dictated solely by the bony and solid 
body anatomy, ligamentous constraints, muscle forces, and other external perturbations. Muscle 
force was replicated as constant force vectors whose orientations were defined to be 
anatomically correct. Ligamentous structures were modeled as tension only spring elements 
whose material properties were based on experimentally reported values obtained from the 
literature. External perturbations, such as gravity, were defined based on the methods of the 
aforementioned experimental study. By designing the model in this manner forward dynamic 
solutions could be generated computationally. 
 The model was validated against an experimental study by Pollock et al [81]; which 
aimed to understand scapholunate kinematics of the intact and scapholunate advanced collapse 
(SLAC) wrist. They also sought to investigate the effects of the modified Brunelli technique 
(MBT) on scapholunate kinematics. To understand scapholunate kinematics the Pollock et al 
[81] study measured the radiolunate (RL) angle, scapholunate (SL) angle, and SL interval. The 
model was used to replicate the intact, SLAC, and MBT wrist states; and measures of the RL 
angle, SL angle, and SL interval were compared to the Pollock et al [81] study. Additionally, the 
model was used to investigate range of motion (ROM), contact force at the radiocarpal joint, and 
tensile force of the flexor carpi radialis (FCR) tendon used in the MBT surgical repair state. 
These other parameters allowed for greater insight into the kinematics of scapholunate joint and 
MBT surgical repair. For further comparison, the model was also used to model surgical repair 
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of the SLAC wrist using the four corner fusion (FCF) technique. The MBT was shown to allow 
for more overall wrist motion, but was limited by a number of assumptions made in order to 
allow modeling of the procedure within a RBM. Both procedures were capable of restoring 
radiolunate function, but both also resulted in increased lunate loading. Based on these findings 
and predictions of the model, the MBT appears to be better for restoration of carpal function and 
promotion of greater ROM, although the lower nonunion rate of the FCF when compared to the 
failure rate of the MBT should be considered. It should also be noted that while these are the 
findings of the model, soft tissue procedures are inherently difficult to model in a RBM and due 
to the assumptions made about the MBT these findings may require further inquiry. 
 While the model showed good agreement with many of the measures reported and was 
successful in investigating other parameters not measured by Pollock et al [81]; this thesis only 
represents validation of the carpal kinematics of the scaphoid and lunate. Further work will be 
required to investigate the behavior of other carpal bones and compare how they affect overall 
wrist function. Additionally, investigation of different ligament morphologies, specifically the 
dorsal intercarpal (DIC) and dorsal radiocarpal ligaments (DRC), within the wrist may be 
necessary. This thesis only attempted to include insertions of the DIC and DRC that affect lunate 
kinematics, but other attachments have been documented. As mentioned previously, it may also 
be helpful to investigate certain behaviors between carpal bones that may not be accurately 
represented by the current boundary conditions of the model. Interactions, such as those between 
the triquetrum and hamate, may affect the behavior of other bones within the carpus.  Additional 
work should also be conducted to determine more precise ways to model soft tissue structures, 
and more specifically soft tissue surgical repairs, as modeling of the MBT was limited in this 
thesis. Soft tissue structures, such as articular cartilage, may play a significant role in wrist 
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behavior, but are difficult to model. Investigation of different ways to incorporate these 
structures into a RBM would be helpful in determining their importance and how best to model 
them.  Finally, further validation may be necessary to understand how certain assumptions made 
in the model differentiate its behavior from in vivo wrist function. 
 The computational model discussed in this thesis can be seen as a useful tool to better 
understand wrist joint function. In tandem with clinical and experimental studies, this model 
allows for a better understanding of wrist function and allows for investigation of many 
parameters seen as difficult to measure. Hopefully, by understanding the biomechanics of the 
wrist we can better inform the medical community on wrist behavior. The wrist RBM model can 
be seen as a tool to better inform doctors and health professionals on how certain clinical 
treatments and surgical procedures affect overall wrist function. It can also be seen as helpful 
tool for engineers and clinicians working in tandem to develop better orthopedic wrist implants 
and hand prosthesis, while also improving understanding of how different design elements may 
affect wrist function, in the case of wrist implants, or better mimic true in vivo wrist function, in 
the case of prosthesis. Overall, this model can be seen as a tool to better understand what normal 
wrist function is. While further work needs to be done in order to continue to investigate the 
validation of the model in its predictions, it has been demonstrated to allow us a better 
understanding of the wrist, the various disease states of the wrist, and surgical corrections and 
their implications. 
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